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RESUMO

Um novo sistema de trocador de calor (HES) foi avaliado experimental-
mente em solo e em voo objetivando o resfriamento passivo de sistemas
avidnicos. O protétipo de trocador de calor consiste em dois condensadores,
conectados a um mesmo evaporador através de dois loop termossifoes em
paralelo. O fluxo de ar externo a fuselagem da aeronave e o sistema de
ar condicionado servem como sumidouros de calor. Um tubo de calor e
quatro termossifées foram empregados como elementos intermedidrios
de transferéncia de calor (IHTEs) entre fontes de calor e o evaporador
do trocador de calor. Os parametros de projeto dos IHTEs tais como
razdo de enchimento, dngulo de inclinacao, razao de aspecto e geometria
dos condensadores (contato entre condensador do THTE e evaporador do
HES) foram avaliados. Agua foi utilizada como fluido de trabalho. Os
protétipos HES e IHTEs foram qualificados para voo apos avaliagoes
térmicas em laboratério e testes de cumprimento de requisitos. Os testes
foram executados em nimeros de Mach de até 0,78 e em altitudes de
até 12 km, correspondendo & temperatura estatica do ar de -56 °C. Em
condigdes de voo em cruzeiro, o HES é capaz de dissipar 900 W mantendo
temperaturas de vapor abaixo dos valores tipicos para operagdo de avioni-
cos; e.g. 70 a 100 °C. Demonstra-se a capacidade de funcionamento dos
termossifoes mesmo em condicoes de congelamento do fluido de trabalho.
O fendmeno de geyser boiling eventualmente promove intensas vibragoes
no evaporador do trocador de calor. Mudangas térmicas nos sumidouros
de calor afetam fracamente os IHTEs. Tubo de calor e termossifées com
0,7 m de comprimento podem dissipar 120 W e 500 W, respectivamente.
Convecgao forgada pode ser uma alternativa onde conducdo de calor
entre avidnicos e evaporadores dos IHTEs néao é possivel. Condensadores
conicos e cilindricos dos IHTEs demonstram ser possiveis geometrias para
o acoplamento térmico entre condensadores de IHTE e evaporador do
HES.

Palavras-chave: Aeronaves. Avionicos. Tubos de calor. Refrigeragao
passiva. Geyser boiling. Condigbes térmicas variadas.






DESENVOLVIMENTO DE SISTEMAS DE
REFRIGERACAO PASSIVOS PARA AERONAVES

Introdugao: Com o advento da tecnologia fly-by-wire, o nimero de com-
ponentes eletrénicos em aeronaves tem aumentado significativamente.
As vantagens associadas as aeronaves fly-by-wire sdo diversas, tais como
protecao do envelope de voo, facil manutencao e reducao do consumo
de combustivel. No entanto, a integridade e funcionalidade desses com-
ponentes deve ser garantida por meio de controle térmico e, portanto, a
dissipacao do calor gerado por efeito Joule tem sido um problema pratico
de engenharia a ser explorado. Usualmente, a dissipacao térmica de com-
ponentes eletronicos é realizada por meio de convecgao forcada utilizando
ventiladores. Embora efetiva, essa solucdo é energeticamente ineficiente,
uma vez que requer consumo de energia. Geragao de ruido e manutencao
periddica sao outras desvantagens adicionais. Portanto, novas tecnologias
para dissipagao de calor, tais como tubos de calor e termossifées, vém
sendo consideradas para aplica¢des aeronduticas. Dispositivos de transfer-
éncia de calor baseados na tecnologia de tubos de calor operam em um
ciclo bifasico fechado fazendo uso de calor latente de vaporizagao para
transferir calor mediante pequenas diferencas de temperatura. O principio
de funcionamento dessa tecnologia é como segue: calor inserido na regiao
do evaporador faz com que o fluido de trabalho seja vaporizado e escoe
em dire¢dao ao condensador, onde condensacao ocorre e calor latente de
vaporizacao é rejeitado. Em termossifées, o liquido condensado retorna
ao evaporador devido a gravidade, enquanto que em tubos de calor essa
tarefa é realizada por meio de um bombeamento capilar. A principal
motivacdo do presente trabalho é o fato de que, em voo de cruzeiro, a
fuselagem da aeronave pode ser interpretada como uma aleta exposta a
um fluxo de ar externo & cabine com temperaturas estdticas de aproxi-
madamente -56,5 °C (& 11 km de altitude) e velocidades de 850 km/h,
configurando-se um excelente sumidouro de calor. Por outro lado, em solo,
calor pode se removido através do sistema de ar-condicionado da propria
aeronave. Dessa forma, dispositivos de controle térmico passivos para
avibnicos, assistidos pela tecnologia de tubos de calor, o qual faz uso de
sumidouros de calor pouco explorados do envelope de voo de aeronaves,
sao propostos neste trabalho.

Objetivo: O objetivo principal desse trabalho é o desenvolvimento de
sistemas de refrigeracdo passivos baseados na tecnologia de tubos de calor
para controle térmico de fontes de calor em aeronaves.



Metodologia: Um protétipo de trocador de calor (HES) foi desenvolvido,
consistindo em dois condensadores, conectados a um mesmo evaporador
através de dois loop-termossifoes em paralelo. O fluxo de ar externo
a fuselagem da aeronave e o sistema de ar-condicionado servem como
sumidouros de calor. Testes em laboratorio e a bordo de uma aeronave
foram realizados a fim de avaliar o desempenho térmico do protétipo. Em
condigOes reais de voo, os testes foram executados em numeros de Mach
de até 0,78 e em altitudes de até 12 km, correspondendo & temperatura
estatica do ar de -56 °C. Posteriormente, termossifoes e um tubo de calor
foram avaliados em laboratério e em voo como elementos intermedidarios
de transferéncia de calor (IHTEs) entre fontes de calor independentes e o
evaporador do HES . Geometrias conicas e cilindricas foram empregadas
para o acoplamento mecanico. Os efeitos de manobras como roller-coaster
e G-load no comportamento térmico dos elementos intermediarios foram
avaliados.

Resultados: Em condigdes de voo em cruzeiro, o HES dissipa 900 W
mantendo temperaturas de vapor abaixo dos valores tipicos de operacao de
avionicos, e.g. 70 & 100 °C, com dissipagdo de calor predominante (== 90%)
no sumidouro de calor da fuselagem. Por outro lado, em solo, a dissipacao
térmica ocorre preferencialmente através do sistema de ar-condicionado,
quando existe fluxo de ar no interior do duto do ar-condicionado. O fun-
cionamento eficiente da tecnologia de tubos de calor é verificada mesmo
em condigoes de congelamento do fluido de trabalho (dgua) no interior
do condensador da fuselagem. Superaquecimento ou falha estrutural nao
foram evidenciadas. Observou-se que o fendmeno de geyser boiling pode
eventualmente promover intensas vibragoes do evaporador do HES. Mu-
dancgas térmicas nos sumidouros de calor afetam fracamente os IHTEs.
Tubo de calor e termossifées com 0,7 m de comprimento podem dissipar
120 W e 500 W, respectivamente. Conveccao forcada pode ser uma alterna-
tiva onde condugao de calor entre avidnicos e evaporadores dos IHTEs nao
é possivel. Condensadores conicos e cilindricos dos IHTEs demonstram
ser possiveis geometrias para o acoplamento térmico entre condensadores
de ITHTE e evaporador do HES. Os efeitos das manobras da aeronave
sao irrelevantes para a tecnologia de tubos de calor, exceto em elevados
angulos de pitch para o evaporador dos HES, onde superaquecimento
ocorre.
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ABSTRACT

A novel design for a heat exchanger system (HES) was experimentally
evaluated on ground and in-flight conditions aiming the passive cooling of
avionics systems. The heat exchanger prototype consists of two condensers,
linked to one shared evaporator by two parallel loop-thermosyphons. The
air stream on the external side of the fuselage and the air conditioning
system served as heat sinks. A heat pipe and four thermosyphons were
employed as intermediary heat transfer elements (IHTEs) between heat
sources and the HES evaporator. The IHTE design parameters such as
filling ratio, inclination angle, aspect ratio and coupling geometries (con-
tact between condenser of THTE and evaporator of HES) were evaluated.
Water was applied as the working fluid. The HES and IHTEs prototypes
were qualified for flight after thermal assessments in laboratory and
constrained acceptance tests. The tests were conducted at flight Mach
numbers up to 0.78 and at altitudes of up to 12 km, corresponding to air
static temperatures of -56 °C. Under cruise flight conditions, the HES is
able to dissipate 900 W maintaining vapor temperatures below typical
working values for avionics; e.g. 70 to 100 °C. Efficient performance of
thermosyphon was also shown in freezing conditions of the working fluid.
Geyser boiling phenomenon eventually yields intense vibrations at the
HES evaporator. Thermal changes in the heat sinks hardly affect ITHTEs.
Heat pipe and thermosyphons with 0.7 m length can dissipate 120 W
and 500 W, respectively. Forced convection can be an alternative where
heat conduction between avionics and IHTE evaporators is not possible.
Conical and cylindrical IHTEs condensers were demonstrated as possible
fitting geometries for thermal couplings.

Keywords: Aircraft. Avionics. Heat pipe. Passive cooling. Geyser boiling.
Variable thermal conditions.






Figure 1 —

Figure 2 —
Figure 3 —

Figure 4 —
Figure 5 —

Figure 6 —

Figure 7 —

Figure 8 —

Figure 9 —
Figure 10 —
Figure 11 —
Figure 12 —
Figure 13 —

Figure 14 —

Figure 15 —

LIST OF FIGURES

Schematics of the working principle of typical ther-
mosyphons and heat pipes. . . . . .. ... ... ...
Schematics of a loop-thermosyphon. . . . . .. .. ..
Schematics of the heat path from onboard heat sources
to the air conditioning and the fuselage condensers.
Figure of merit for thermosyphons. . . . . . . ... ..
Prototype illustration. Expressions Fus and AC stand
for fuselage and air conditioning, respectively. Letters
B to L designate temperature recording points. Main
dimensions are shown in millimeters. . . . . . . . . ..
Illustration of the heat exchanger assembly at the fuse-
lage condenser. Coolant fluid circulates internally to
the orifices. . . . . .. .. .. ... .
Effect of the input power on the thermal behavior of
the cooling system with both condensers turned off
(case AL). . . . . . .
Effect of the input power on the thermal behavior
of the prototype with fuselage condenser on and air
conditioning system in natural convection (case A3). .
Heat transfer rates to the thermal bath for case A3.
Effect of the input power on the thermal behavior
of the prototype with fuselage condenser on and air
conditioning system in natural convection (case AT). .
Heat transfer rates by convection to the thermal bath
forcase A7. . . . . ..
Effect of the input power on the liquid returning lines
temperatures for case A9. . . .. ... L.
Effect of the input power on the inlet manifolds and
evaporator temperatures for case A9.. . . . . .. ...
Effect of the input power on the thermal behavior of
the cooling system with the fuselage and AC condenser
in natural and forced convections, respectively, for case
Al13. .
Effect of the input power on the liquid returning lines
of the cooling system with both condenser in forced
convection (case A14). . . . . ... ... ...

47

49
50

o1

92



Figure 16 —

Figure 17 —

Figure 18 —

Figure 19 —
Figure 20 —
Figure 21 —
Figure 22 —
Figure 23 —
Figure 24 —

Figure 25 —

Figure 26 —
Figure 27 —

Figure 28 —
Figure 29 —

Figure 30 —

Figure 31 —

Figure 32 —

Figure 33 —

Effect of the input power on the vapor lines and evap-
orator temperatures of the cooling system with both
condensers in forced convection (case A14). . . . . .. 56
Heat transfer rates to the thermal bath at the fuselage
and to the air stream at the air conditioning duct for
case A14. . . . .o 57
Photograph of the prototype installed within the air-
craft. Numbers denote heat exchanger evaporator (1),
Fus-condenser (2), AC duct (3) and aircraft fuselage (4). 64
Internal view of the fuselage condenser assembly. . . . 64
External view of the fuselage condenser assembly. . . . 65
Measurements sites in the setup. Letters A-W desig-
nate temperature recording points. Velocity was also

recorded at points Vand W. . . ... ... ... ... 65
Temperature profiles for the cabin and external static
air during the flight. . . . ... ... ... ... .. .. 67

Pitch, roll and yaw rotations represented in a cartesian
coordinates system. The z-axis is anti-parallel to the

acceleration due to gravity. . . . .. ... .. ... .. 68
Aircraft pitch and roll angles as a function of time. . . 68
Aircraft pitch, roll and yaw angular velocities as a
function of time. . . . . . .. ..o oL 69
Aircraft acceleration as a function of time. . . . . . . . 69
Effects of input power and flight conditions on the
thermal behavior of the evaporator. . . . .. .. ... 70
Effects of input power and flight conditions on the
thermal behavior of the vapor lines. . . . .. ... .. 71
Effects of input power and flight conditions on the
temperatures of the liquid lines. . . . ... ... ... 72

Air stream conditions within the AC system. Symbols
stand for temperature (LHS Y-axis) and solid line
denotes the mean air velocity in the AC duct inlet
(RHS Y-axis). . . . . . ... . oo 74
Effects of altitude on the fuselage heat transfer coeffi-
cient for a Mach number of 0.78. Squares, triangles and
circles stand for temperatures, and diamonds denote
the heat transfer coefficient (LHS Y-axis). The solid

line stand for altitude (RHS Y-axis). . . . ... .. .. 76
Effect of input power and ground conditions on the
evaporator of the prototype.. . . . . .. ... ... .. 78

Effect of input power and ground conditions on the
vapor lines of the prototype.. . . . . . . ... .. ... 78



Figure 34 —

Figure 35 —

Figure 36 —
Figure 37 —

Figure 38 —

Figure 39 —

Figure 40 —
Figure 41 —

Figure 42 —

Figure 43 —

Figure 44 —

Figure 45 —

Figure 46 —
Figure 47 —
Figure 48 —

Figure 49 —
Figure 50 —

Effect of input power and ground conditions on the
liquid lines of the prototype. . . . .. ... ... ...
Thermal conditions within the air conditioning system.
Symbols stand for temperatures (LHS Y-axis) and the
solid line denotes the mean air velocity in the AC duct
inlet (RHS Y-axis), Temperatures in the AC inlet (H)
and outlet manifolds (K) are also shown. . . ... ..
Tllustration of the geyser boiling phenomena within a
typical coaxial thermosyphon. . . . . . . ... ... ..
Illustration of the geyser boiling phenomena within a
loop-thermosyphon. . . . . ... ... .. .......
Nlustration of loop-thermosyphons prototype with AC-
and Fus-condensers in parallel sharing the same evap-
orator. Red dots indicate temperature measurements
by thermocouples (TC). Dimensions are shown in mil-
limeters. . . . . . . . ...
Accelerometer located at point O in the evaporator
left-face measures the structure accelerations along the
AB axial axis. Positive accelerations are in direction
OA and negative, OB. . . . . . ... ... ... ....
Temperature histories on the evaporator wall for ¢;, =
04kWincase Cl. . . .. .. ... .. .. .. ...
a) Vapor pressure at adiabatic line and b) pressure
rate for ¢;, =04 kW incase C1. . . . ... ... ...
Effect of input power on the loop-thermosyphons for
case Cl. a) Teypap and Tygiar (TC2); b) Pressure rate
G(t); ¢) Acceleration a(t). . . . ... ... ... ...
Effect of input power on the a) G(t) and b) a(t) for
case C4. . . . . oL
Effect of input power on a) the pressure rate G(t)
and b) the evaporator acceleration a(t) for case C13

Temperature histories of the loop-thermosyphons for
case C14. . . . . . .. Lo
Transient effect on pressure rate, G(t), for case C14. .
Effect of convective thermal resistances on |amqz|-
Effect of heat flux on the maximum pressure rate,
G()maz- + « « « o oo
Effect of vapor pressure on geyser boiling occurrence.
G(t) and a(t) for case C2. Dashed vertical lines delimit
regions I1, 12 and I3 regarding peaking occurrences in
Gt)and a(t).. . .. ... o

95



Figure 51 —
Figure 52 —

Figure 53 —

Figure 54 —

Figure 55 —

Figure 56 —

Figure 57 —

Figure 58 —

Figure 59 —

Figure 60 —

Figure 61 —

Geyser effect on temperatures of the Fus-condenser
pipelines for case C2.. . . . . .. .. .. ... ... ..
Geyser effect on temperatures of the AC-condenser
pipelines for case C2.. . . . . .. . ... ...
Intermediary heat transfer elements (IHTEs) connected
in series with a common heat exchanger. Heat is trans-
ported from independent heat sources to the heat sink
through conical and cylindrical couplings. . . . . . . .
Thermosyphon with cylindrical shaped condenser (in
the illustration ¢ = 0). The main dimensions are shown
in millimeters. Red dots denote temperature recording
points. The angle ¢ was varied from 0 to 5°. HES stands
for a heat exchanger (loop thermosyphons) connected
toend heat sink. . . . ... ... ... L.
Thermosyphon with conical shaped condenser. The
main dimensions are shown in millimeters. Red dots
(A-D) denote temperature recording points. The angle
¢ was kept in 5°. A calorimeter replaced the HES loop
thermosyphons. . . . . . . .. ... .. L.
Effect of input power on the thermal behavior of the a)
intermediary thermosyphon with cylindrical condenser
and b) heat exchanger system for case D1 (¢ = 0° and
FR = 0.8). Symbols represent temperature recordings
and the solid line, the input power. . . . . . . . .. ..
Effect of input power on the thermal behavior of the a)
intermediary thermosyphon with cylindrical condenser
and b) heat exchanger system for case D3 (¢ = 5° and
FR = 0.8). Symbols represent temperature recordings
and the solid line, the input power. . . . . . . . . . ..
Effect of inclination angle on the apparent overall ther-
mal resistance, R,p, of the intermediary thermosyphon
with cylindrical condenser for cases D1, D2 and D3.
Effect of filling ratio on the thermosyphon operation
temperature as a function of the input power for cases
D3, Ddand D5.. . . . .. ... oo
Effect of input power on the thermal behavior of the
intermediary thermosyphon with conical condenser
plug for case E1 (FR=0.6; AR=49). Symbols represent
temperature recordings and the solid line, the input

Schematics of the heat exchanger system (HES). Red
dots indicate thermocouple recording points. . . . . .

114

. 124



Figure 62 —

Figure 63 —

Figure 64 —
Figure 65 —

Figure 66 —

Figure 67 —

Figure 68 —

Figure 69 —

Figure 70 —

Figure 71 —

Figure 72 —

Schematics of the thermal coupling apparatus. The
HES system is completely independent from each IHTE.
Each IHTE condenser is pressed against a metal cou-
pling within the HES evaporator (1) with the same
matching geometry. . . . .. ... oL
Internal view of the convective system and HES evap-
orator. Thermosyphon evaporators contain fins (6-1
and 6-IT). Heat is transported from heated aluminum

blocks (7) to the recirculating air by forced convection.

THTE dimensions in millimeters and temperature record-
ing points, indicated by gray dots. . . ... ... ...
Altitude, H;, and air static external temperature, T4,
for the flight tests in cruise conditions. . . . . . . . ..
Altitude, Hg, and air static external temperature, T,
for the flight tests during roller coaster and G-load
turn maneuvers. . . . . ... ..o
Effects of input power and altitude on the heat pipe
thermal response during a flight test in cruise condi-
tions. The thermocouple positioning (00, 01, 02 and
03) as provided in Fig. 64a. . . . . .. ... ... ...
Effects of input power and altitude on the thermal
response of the convective system containing two FTS;
temperature recordings of a) aluminum blocks, Thjum,
and air flux, Ty;-; b) FTS-I and c¢) FTS-II. The ther-
mocouple positioning (00, 01, 02 and 03) as provided
in Fig. 64b. . . .. ... o
Power transferred from the air stream to the ther-
mosyphons with fins welded to the evaporator, qprg,
and the heat leaked to the air cabin. . . . . . . .. ..
Effects of input power and altitude on the CTS thermal
performance. The thermocouple positioning (00, 01,
02, 03 and 04) as provided in Fig. 64c. . . . . . . . ..
Effects of input power and altitude on the CTS thermal
performance. The thermocouple positioning (00, 01,
02, 03 and 04) as provided in Fig. 64c. . . . . . .. ..
Effects of input power and altitude on the HES thermal
performance. Heat Pipe (HP) or two thermosyphons
with fins at the evaporator (FTS) were used as IHTEs.
The temperature recording points as given in Fig. 61.

134

135

140

143

148



Figure 73 — Effects of input power and altitude on the HES thermal
performance. Thermosyphons with conical (CTS) and
cylindrical (TS) shaped plugs were used as intermediary
elements. . . . ... ...

Figure 74 — Thermal response of the a) heat pipe (HP) and c)
thermosyphon with cylindrical plug (TS) during b)
and d) roller coaster and G-load maneuvers. . . . . . .

Figure 75 — Thermal response of the a) thermosyphon with conical
plug (CTS) and c¢) thermosyphon with fins welded to
the evaporator (FTS-I) during b) and d) roller coaster
and G-load maneuvers. . . . .. ... .. ... ... .

Figure 76 — Technology readiness level. . . . .. . .. .. ... ..

Figure 77 — Location of measuring points for traversing rectangular
ducts with dimensions between 762 and 914.4 mm. . .

Figure 78 — Schematics of the thermocouple fixing at the solid
surface. . . . ..o Lo



Table 1 —
Table 2 —
Table 3 —

Table 4 —

Table 5 —

Table 6 —

Table 7 —

Table 8 —

Table 9 —

Table 10 —
Table 11 —

Table 12 —

LIST OF TABLES

Scientific contributions of this thesis. . . . . .. .. ..
Typical temperatures for cold, standard and hot days.
Laboratory experiment conditions for the cooling system
prototype. Input power ranged from 100 to 900 W with
increments of 100 or 50 W in each case. . . . . . . . ..
In-flight and on-ground parameters. . . . . . ... ...
Summary of experiments. The input power was raised
from 100 to 850 W with increments of 150 W. . . . . .
Main features of geyser boiling phenomenon for loop-

40

thermosyphons working in quasi-steady regime (C1-C13).100

Main features of geyser boiling phenomenon for loop-
thermosyphons working in unsteady regime (C14 and
CIB). o oo
Summary of experiments. . . . . . ... ... ... ...
Main thermal features of thermosyphons with conical
condensers (cases E1-E6). . . . . . ... ... ... ...
Characteristics of the heat pipe wick structure.
Location of measuring points in a traverse rectangular
duct. . . . ..
Mass rate uncertainty for case C1. Water was used as
coolant fluid with the thermal bath temperature set to
40°C. ..






NOMENCLATURE

Acronyms

AC Air conditioning

CTS Thermosyphon with conical plug
EMBRAER Empresa Brasileira de Aerondutica
FTS Thermosyphon with fins welded to the evaporator
Fus Fuselage

HES Heat exchanger system

HP Heat pipe

IHTEs Intermediary heat transfer elements
LABTUCAL Laboratoério de Tubos de Calor

TS Thermosyphon with cylindrical plug
UFSC  Universidade Federal de Santa Catarina
VOF  Volume of Fluid

Greek alphabet

At Time interval [s]

AT Temperature difference [°C]
ATy Logarithmic mean temperature difference [°C]

€ Porosity [

0% Ratio of the specific heats [

I Dynamic viscosity [Pa - 5]
o Inclination angle from horizontal axis [°]

P Density [kg/m3)
o Surface tension [N/m]
Roman alphabet

N Number of merit [kg/(K3/4s5/2)]
v Average velocity [m/s]
m Mass flow rate [kg/s]
T Average temperature [°C]

A Area [m?]



~+

T*

Acceleration

Aspect ratio (ladiab/dadiab)

Specific heat at constant pressure
Diameter

Wire diameter

Filling ratio (Viuid/Vevap)

Pressure rate

Convective heat transfer coefficient
Latent heat of vaporization

Altitude above seal level

Thermal conductivity

Lift

Characteristic length

Mesh number

Pressure of the saturated vapor
Energy

Heat transfer rate

Heat transfer flux

Heat transfer rate at the AC heat sink
Heat transfer rate at the Fus heat sink
Input power

Vaporization latent heat

Heat transfer due to transient effects
Thermal resistance

Convective thermal resistance at the AC heat sink
Convective thermal resistance at the Fus heat sink
Convective thermal resistance
Conductive thermal resistance
Crimping factor

Temperature

Time

Temperature of the air stream

B & L B
= >~
~ @,
o} [l

=

=)

=7
E=
=

(-
~
~
09,

ERESERE)
=
5
Z

EEEE=E==2=7 ¢
B =

O

~

]

~

O

~

]

~

L3883 E22ES =7 EES—E
EEEEE

< @ o]
Q Q



T Static air temperature
Toagiap  Adiabatic temperature
Taw Adiabatic wall temperature
Trus Temperature on the outer fuselage
Tin Inlet temperature

Tout Outlet temperature

T, Operating temperature
T Temperature of the thermal bath
T, Vapor temperature

Ty Wall temperature

U Aircraft velocity

|4 Volume

e Effective volume

W Aircraft weight

x,y,z Cartesian coordinates
Subscripts

ad Adiabatic

ap Apparent

cond Condenser

evap Evaporator

hp Heat pipe

n Input

l Liquid

mazx Maximum

S Solid

tb Thermal bath

th Thermosyphon
Dimensionless numbers

M Mach number

N, Vertical load factor

r Recovery factor

Biot number

O O O

O

O

]

O

O

acasaacaaasa

B8
W~
A2

v«

B B

TZETEFET R 23 2 33 83 3 3%



Pr Prandtl number

Re Reynolds number



CONTENTS

1 INTRODUCTION ... ... ...t 33
1.1 Context . . . . . . . . . e 33
1.2 Motivation . . . . . . .. ... 34
1.3 Heat pipe technology . . . . . .. ... .. ... ... ..., 34
1.4 Objectives . . . . . . .. . 35
1.4.1 Global objective . . . . . . . .. ... 35
1.4.2 Specific objectives . . . . . . ..o o oL 36
1.5 Structure of the thesis . . . . . .. ... ... ... ..... 36
2 PASSIVE ATIRCRAFT COOLING SYSTEMS FOR VARI-

ABLE THERMAL CONDITIONS . . . . ... ...... 39
2.1 Imtroduction . . . . . . . .. .o 39
2.2 Aerospace cooling system requirements . . . . . .. ... .. 41
2.2.1 Working fluid properties . . . . . . ... ... ... ..... 41
2.3  Experimental setup . . . . . . . ... L. 42
2.4 Experimental procedure . . . . .. ... ... L. 46
25 Results . . ... .. .. 47
2.5.1 AC and Fus condensers in natural convection: Case A1 . . . 47
2.5.2 Fus in forced and AC in natural convection: Cases A2-A10 . 48
2.5.3 Fus in natural and AC in forced convection: Cases A11-A13 53
2.5.4 Fus and AC condensers in forced convection: Cases A14 and

Al5 . . 55

2.6  Discussion . . . .. .. ... e 57
2.7 Summary and concluding remarks . . . . ... ... ... .. 59
3 IN-FLIGHT TESTING OF LOOP THERMOSYPHONS

FOR ATRCRAFT COOLING . . . . ... ... ... .. 61
3.1 Imtroduction . . . . . .. .. ... 61
3.2 Passive heat transfer technologies and aerospace applications 62
3.3  Experimental apparatus and procedure . . . . . .. .. ... 63
3.3.1 Acceptance tests . . . . .. ... ... ... ... 66
3.3.2 Test methodology . . . . . ... ... .. .. ... ... ... 66
3.4  Experimental results . . . ... ... ... L. 66
3.4.1 Description of in-flight test . . . . . . .. ... ... ... .. 66
3.4.2 Inflight results . . . ... ... ... ... ... ... ... 70
3.4.3 Groundresults . . ... .. ... ... ... ... ... 77
3.5 Discussion . ... ... .. ... .. 81
3.6  Summary and concluding remarks . . . . ... ... 84



4 GEYSER BOILING PHENOMENON IN TWO-PHASE

CLOSED LOOP-THERMOSYPHONS . .........
4.1 Imtroduction . . . . . . . .. ... Lo
4.2  Literature review . . . . . . ... .. L Lo oo
4.3  Experimental apparatus and procedure . . . . . .. ... ..
44 Results . . . . .. o
4.4.1 Identification of geyser boiling occurrence . . . .. .. ...
4.4.2 Loop-thermosyphons in quasi-steady regime . . . . .. . ..
4.4.3 Loop-thermosyphons in transient regime . . . . ... .. ..
45 Analysis . ... ..o
4.5.1 Evaporator accelerations induced by geyser boiling . . . . .
4.5.2 FEffects of heat flux and vapor pressure on geyser boiling . .

105

4.5.3 Geyser boiling influence on loop-thermosyphon temperatures 107

4.6  Summary and concluding remarks . . . . ... ... L.

5 THERMAL PERFORMANCE OF THERMOSYPHONS

110

IN SERIES CONNECTED BY THERMAL PLUGS. . 113

5.1 Imtroduction . . . . . . . ... Lo
5.2  Literature review . . . . . . .. ... L L oL
5.3  Experimental setups and procedure . . . . .. ... ... ..
54 Results . . . . . ...
5.4.1 Thermosyphon with cylindrical condensers: effect of inclina-
tion angle on the thermal behavior . . . .. ... ... ...
5.4.2 Thermosyphon with cylindrical condenser: effect of filling
ratio on the thermal behavior . . . . .. .. ... ... ...
5.4.3 Thermosyphon with conical condenser . . . .. .. ... ..
5.5  Summary and concluding remarks . . . . ... ...
6 PASSIVE COOLING CONCEPT FOR ONBOARD
HEAT SOURCES IN AIRCRAFTS . . ... ... .. ..
6.1 Introduction . . . ... ... ...
6.2  Experimental Apparatus Description . . . ... . ... ...
6.2.1 Heat Exchanger System - HES . . . . . ... ... ... ...
6.2.2 Intermediary Heat Transfer Elements - IHTEs . . . . . . . .
6.3  Experimental Procedure . . . ... ... ... .. ... ..
6.3.1 Flight Description . . . . . .. . .. .. ... ... .....
6.4  Results and discussion . . . . .. .. ... ...,
6.4.1 Heatpipe (HP) . . . .. . ... ... . ... . ... ...
6.4.2 Thermosyphons with fins welded to the evaporator (FTS)
6.4.3 Thermosyphon with conical plug (CTS) . ... .. ... ..
6.4.4 Thermosyphon with cylindrical plug (TS) . . ... ... ..
6.4.5 Thermal response of the heat exchanger system (HES)

141
145
146

. 147

6.4.6 Thermal response of the intermediary elements in maneuvers 149

6.5  Summary and concluding remarks . . . . . ... ... L.

150



7 CONCLUSION ... ... ittt 153

7.1  Summary and concluding remarks . . . . .. ... ... ... 153
7.2 Suggestions for future works . . . . ... ... 154
REFERENCES . ... .. . .ttt ttiiee e 157
Appendix A Experimental measurements ... ... ... 165
A.1 Air velocity in rectangular ducts . . . . . .. .. ... ... 165
A.2  Volumetric mass flowrate . . . . ... ... ... ... ... 166
A.3  Temperature of solid surfaces . . ... .. ... ....... 166
Appendix B Experimental uncertainties .. ... ... .. 169
B.1 Input power uncertainty . . . .. .. ... ... ... ... . 169
B.2 Mass flow rate uncertainty . . . . . .. .. ... L. 169

B.3  Heat transfer rate uncertainty . . . . . ... ... ... ... 170






33

1 INTRODUCTION

1.1 CONTEXT

The amount of electronic components in aircrafts has been in-
creased since the introduction of digital fly-by-wire flight control systems
by the National Aeronautics and Space Administration (NASA) in 1972.
Fly-by-wire systems include several on-board electronic equipment de-
signed to replace conventional pneumatic, hydraulic and mechanical
powered systems. This allows for the use of redundant flight control archi-
tectures, making aircrafts safer, lighter and more stable aerodynamically.
Fly-by-wire systems also reduce the fuel consumption required to fly,
increasing the aircraft autonomy. However, the electric power needed
to assist electrically powered systems and electronics has risen thereby
requiring the dissipation of high heat loads. Size and weight are also
significant penalties for aircraft components and, as they get smaller and
powerful, the power dissipation density also increases [1-3].

Most avionics installed on aircraft cockpit are certified to work
in ambient temperatures up to 70 °C, whereas their internal temperatures
can reach up to 100 °C [4]. Effective cooling systems must ensure that
avionics temperatures do not surpass these limits. Excess temperatures,
out of the tolerable level, may compromise the electronics functionality
and, therefore, the aircraft control. Natural and forced convection have
been used as avionics cooling mechanisms. In natural convection, there
are inherently high thermal resistances between heat sources and heat
sinks. Forced convection of air by means of fans increase the heat transfer
coefficients, reducing the inefficiency of air cooling systems. This last
mechanism has been widely used by the aeronautic industry as cooling
system for several electronic equipment in aircrafts. However, this ap-
proach has some drawbacks, such as size, periodic maintenance, noise
generation and, mainly, power consumption. Therefore, in order to install
on-board electronics with high heat dissipation requirements, it is neces-
sary to implement more efficient techniques to remove heat from such
devices [5-8].

Novel cooling systems based on heat pipe technologies have
been studied for aeronautic purposes. In this context, the present study
presents some technological and scientific advances in passive aircraft
cooling systems, recently achieved within the frame of a joint effort be-
tween the Heat Pipe Laboratory (Labtucal/EMC/UFSC) and EMBRAER
Aerospace Company.
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1.2 MOTIVATION

The main motivation of the present work comes from the need
to develop reliable thermal management systems, capable of providing
passive heat dissipation for avionics. In cruise conditions, the aircraft
fuselage skin can be seen as a large fin exposed to the air stream environ-
ment at temperatures of -56.5 2C (at 11 km above sea level) [9] and with
velocities of approximately 850 km/h. Therefore, the aircraft fuselage
outer surface is an excellent heat sink. On the other hand, on-ground,
heat can be removed by forced convection through the already available
aircraft air conditioning system. Passive thermal control devices to be
used in avionics, assisted by heat pipe technologies, which makes use of
the poorly-explored aircraft flight envelope heat sinks, are proposed in
this work.

1.3 HEAT PIPE TECHNOLOGY

According to Grover [10] and Gaugler [11], a heat pipe can be de-
scribed as follows: "With certain limitations on the manner of use, a heat
pipe may be regarded as a synergistic engineering structure which is equiv-
alent to material having a thermal conductivity greatly exceeding that of
any known metal". Because of this, heat pipes and similar technologies are
also known as heat superconductors. Basically, a thermosyphon (wickless
heat pipe) consists of a sealed and evacuated container in which a suitable
amount of working fluid is inserted. The device is commonly divided
into three main regions: evaporator, adiabatic and condenser. Schematics
of the working principles of typical thermosyphons and heat pipes are
shown in Fig. 1. The produced vapor at the evaporator, due to a slight
pressure increase, flows towards the condenser where condensation takes
place and latent heat of vaporization is released. In thermosyphons, the
liquid flows back to the evaporator due to the gravitational effect whereas
in heat pipes this task is performed by a capillary pumping through a
wick structure (see Figs. la and 1b). Therefore, heat pipes can be used
in gravity-free environments. On the other hand, thermosyphons work
properly only with the aid of gravity and are convenient for industrial
applications.

One should note that thermosyphons and heat pipes can work
even when the temperature differences between evaporator and condenser
are small. In general, they present very high effective conductances and
S0, in many applications, can be used to promote uniform temperature
distributions. Thermosyphons can also be used as thermal diodes: they
transfer heat in only one direction (from the bottom to the upper regions),
while heat pipes can transfer heat in both directions [12].
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Heat pipe technologies can present several geometries and ar-
rangements. One of them, the loop-thermosyphon, is employed in the
present work. The working principle of a loop-thermosyphon is similar
to that described for a typical thermosyphon. An illustration of a loop-
thermosyphon is shown in Fig. 2. In this configuration, the evaporator
and condenser are separated by two sets of tubes within which only vapor
or liquid is conducted. Besides the high geometry flexibility that this
technology is able to handle, loop-thermosyphons are be able to transfer
larger amounts of heat when compared to straight thermosyphons, as no
counter current flow between vapor and condensate liquid is observed.
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Figure 1 — Schematics of the working principle of typical thermosyphons and
heat pipes.

1.4 OBJECTIVES
1.4.1 Global objective

This work aims to develop passive cooling systems based on heat
pipe technologies to manage heat sources of a commercial aircraft on
ground and in-flight operation.
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Figure 2 — Schematics of a loop-thermosyphon.

1.4.2 Specific objectives

To accomplish the main purpose described above, the following

specific objectives are proposed:

To review the pertinent literature on heat pipe technology, mainly
applied to aerospace and aeronautical purposes;

To assess the heat removal capacity of the prototype under typical
thermal conditions of aircrafts operation, including real flight tests.

To evaluate the behavior of water as working fluid exposed to
subzero temperatures.

To assess the effects of the geyser boiling phenomenon in loop-
thermosyphons.

To investigate ideal design parameters for thermosyphons connected
in series.

To assess the use of thermosyphons and heat pipe as intermediary
heat transfer elements between a heat source and a heat sink;

1.5 STRUCTURE OF THE THESIS

The present thesis is divided into seven chapters. Apart from

this introduction, the content of the five following chapters are based



37

on five manuscripts published or submitted to international journals as
listed in Table 1. Note that Chapters 2, 3 and 6 consist of three articles
already published in journals with outstanding scientific quality. The
experimental apparatus and procedures are described in each chapter as
well as pertinent literature reviews and concluding remarks.

The chapters contents are described as follows:

e Chapter 2: Passive aircraft cooling systems for variable ther-
mal conditions. In this Chapter, a novel design for a heat ex-
changer system (HES) [13], for which a patent has been filed in,
is described in details. Experimental tests were conducted in the
laboratory to assess the HES thermal behavior under variable con-
ditions, which resemble the operation of an aircraft on-ground and
in-flight. In particular, it is shown the prototype thermal perfor-
mance starting up from freezing conditions.

e Chapter 3: In-flight testing of loop-thermosyphons for air-
craft cooling. This Chapter is dedicated to the HES thermal
evaluation under real flight conditions, which could not be achieved
at laboratory. On-ground and in-flight experiments were conducted
in an Embraer test aircraft after constrained acceptance tests. HES
condensers were submitted to actual heat transfer coefficients as
observed in conventional commercial flights.

e Chapter 4: Geyser boiling phenomenon in two-phase closed
loop-thermosyphons. Chapter 4 is devoted to the basic under-
standing of structural vibrations induced by geyser boiling phe-
nomenon in two-phase closed loop-thermosyphons. Simultaneous
thermal and vibrational assessments were performed in order to
prevent the device premature failure by vacuum leakage due to
intense vibrations.

e Chapter 5: Thermal performance of thermosyphons in series
connected by thermal plugs. Chapter 5 focus on the thermal
performance assessment of two thermosyphons connected in series.
One thermosyphon served as intermediary heat transfer device
between a heat source and the HES evaporator. A crucial point
of this research was to find-out the best geometrical configuration
that results in enhanced heat transfer and thermal performance of
the device, as observed by reducing the operating temperature of
the intermediary thermosyphon.

e Chapter 6: Passive cooling concept for onboard heat sources
in aircrafts. In this Chapter, experimental results of in-flight
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tests are shown for a passive cooling system including the HES
prototype, presented in the previous chapters, and intermediary
heat transfer elements (IHTE’s). Based on the results from Chapter
4 and the aircraft space constraints, thermosyphons and a heat
pipe were designed as intermediary heat transfer elements. Heat
was transferred from heat sources passively thorough intermediary
elements to the HES evaporator. Experiments comprise tests in
cruise conditions and during conventional maneuvers, which could
not be performed in laboratory.

e Chapter 7: Conclusion. The main concluding remarks are listed.
Some suggestions for future works are also provided.

Table 1 — Scientific contributions of this thesis.

Thesis Chapter

Article

Oliveira, J.L.G.; Tecchio, C.; Paiva, K.V.; Mantelli, M.B.H.; Gan-
dolfi, R.; Ribeiro, L.G.S. Passive aircraft cooling systems for vari-
able thermal conditions, Appl. Therm. Eng. v. 79, p. 88-97, 2015

Oliveira, J.L.G.; Tecchio, C.; Paiva, K.V.; Mantelli, M.B.H.; Gan-
dolfi, R.; Ribeiro, L.G.S. In-flight testing of loop thermosyphons
for aircraft cooling, Appl. Therm. Eng. v. 98, p. 144-156, 2016

Tecchio, C.; Oliveira, J.L.G.; Paiva, K.V.; Mantelli, M.B.H.; Gan-
dolfi, R.; Ribeiro, L.G.S. Geyser boiling phenomenon in two-phase
closed loop-thermosyphons, Submitted to Int. J. Heat Mass Tran.
In November, 10, 2016

Tecchio, C.; Oliveira, J.L.G.; Paiva, K.V.; Mantelli, M.B.H.; Gan-
dolfi, R.; Ribeiro, L.G.S. Thermal performance assessment of ther-
mosyphons in series, Submitted to Exp. Therm. Fluid Sci. In
December, 20, 2016

Tecchio, C.; Paiva, K.V.; Oliveira, J.L.G.; Mantelli, M.B.H.; Gan-
dolfi, R.; Ribeiro, L.G.S. Passive cooling concept for onboard heat
sources in aircrafts, Exp. Therm. Fluid Sci. v. 82, p. 402-413, 2017
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2 PASSIVE AIRCRAFT COOLING SYSTEMS FOR
VARIABLE THERMAL CONDITIONS

The content of this chapter is based on the following article:

« OLIVEIRA, J. L. G.; TECCHIO, C.; PAIVA, K. V.; MANTELLI,
M. B. H.; GANDOLFI, R.; RIBEIRO, L. G. S. Passive aircraft
cooling systems for variable thermal conditions. Applied Thermal
Engineering, v. 79, p. 88-97, 2015.

DOTI:10.1016 /j.applthermaleng.2015.01.021

2.1 INTRODUCTION

In this chapter, a heat exchanger system (HES) consisting of
two loop-thermosyphons with two parallel condensers and a common
evaporator (one heat source and two heat sinks) is proposed for aircraft
applications and is experimentally tested. The working principle of the
two-phase heat exchanger is as follows. The loop-thermosyphons are
positioned between one heat source (electrical resistance representing
avionics equipment) and two heat sinks, namely aircraft cabin-external air
and the air flux inside the aircraft air conditioning ducts. Fig. 3 illustrates
this configuration. The cooling system receives heat from a heat source,
which is transferred to the fuselage and/or air conditioning heat sinks by
two condensers. The use of these two heat sinks is justified as follows. In
flight conditions, forced convection acts at the fuselage outer surface. The
cabin-external air temperature ranges from -62 to -20 °C according to the
environment conditions at an altitude of approximately 9.1 km above sea
level; see Table 2. The free-stream velocity is approximately 850 km/h for
conventional commercial flights. In these conditions the external surface
of the aircraft fuselage work as a heat sink with large area, available
for heat exchange, exposed to a high average heat transfer coefficient
(332 W/(m?K); see Zhang et al. [14]). On ground, when the airplane is
parked, the external surface is subjected to a high thermal resistance
resulting from the natural convection. In this case, the air flux of the
aircraft air conditioning duct can serve as a the heat sink, removing heat
from the condenser positioned within the air conditioning duct by forced
convection. Therefore, the proposed system provides a passive cooling of
avionics equipment is possible either on the ground or in-flight.

Although other arrangements are possible [13], the evaporator is
linked to each condenser by two parallel loop-thermosyphon arrangements.
Water was used as the working fluid since other fluid refrigerants would
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represent a hazard, in case of leakage. A crucial point in this research was
to evaluate the behavior of water as a working fluid exposed to subzero
temperatures (within the condenser of the HES exposed to the aircraft
fuselage skin). The cooling system must handle the characteristic diversity
of thermal conditions presented by aircraft operations.

‘ Air conditioning Fuselage
sources (avionics) condenser condenser

Evaporator = Adiabatic

Figure 3 — Schematics of the heat path from onboard heat sources to the air
conditioning and the fuselage condensers.

Table 2 — Typical temperatures for cold, standard and hot days.

Temperature Cold day Standard day Hot day
Fuselage in cruise*, [°C| -62 -45 -20
Fuselage on-ground, [°C] -29 29 59

Air conditioning, [°C] 57.2 18 1.7
Cabin-internal air, [°C] -15 29 55

Source — ASHRAE [15], RTCA DO-160G [4].

* Temperatures for an altitude of 9.1 km above sea level.
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2.2 AEROSPACE COOLING SYSTEM REQUIREMENTS

According to the International Standard Atmosphere (ISA), un-
der cruise flight conditions the unpressurized external air of a typical air-
craft can achieve temperatures of approximately -60 °C at the tropopause
(11 km above seal level) [9]. Zhang et al. [14] reported an average exter-
nal convective heat transfer coefficients on the whole fuselage length of
approximately 332 W/(m?K) in-flight. On the ground, however, natural
convection takes place and temperatures vary according to the season and
location. In this case, heat transfer coefficients for natural convection are
dependent on the inclination angle, surface dimensions, fluid, temperature
and atmosphere pressure [16,17]. Typical values for air natural convection
vary roughly from 1 to 5 W/(m?K).

The cabin-internal air is here represented by the air flux inside
the air conditioning ducts. Cabin-internal temperatures of approximately
20 °C are usual due to human comfort requirements. Air speeds can be
as high as 20 m/s to satisfy internal cooling needs, and can be zero if the
cabin refrigeration is switched off. In this case, natural convection will
occur if a loop-thermosyphon condenser is positioned inside the duct.

A multitude of thermal conditions can take place for a cooling
system with condensers exposed to the aircraft cabin-external air and
to the aircraft cabin-internal air. Natural convection, forced convection
and a combination of both at the condensers may occur at different
temperatures, and the proposed cooling system should be able to cope
with these variations.

2.2.1 Working fluid properties

The heat transfer capacity of thermosyphons and heat pipes is
dependent on the working fluid applied. A measure of the influence of
the working-fluid properties on the temperature drop for a given rate of
heat transfer is provided by a figure of merit, X. The figure of merit for
thermosyphons, Ry, is defined as [12]:

Korhi \
N(”’) : (2.1)

where oy, k;, p; and hy, stand for surface tension, thermal conductivity,
dynamic viscosity and latent heat of vaporization, respectively. The
subscript [ denotes the value for the saturated liquid.

To obtain the best performance for the heat transfer, N;; should
be maximized. Values of W, for a series of fluid refrigerants commonly
applied in thermosyphons are given in Fig. 4.
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Figure 4 — Figure of merit for thermosyphons.

It should be noted that the wide temperature range covers all
possible values for the air stream outside the aircraft in-flight or on the
ground. It can be observed in Fig. 4 that water provides the highest mean
value for temperatures above 0 °C, whereas ammonia give the highest
values for subzero temperatures.

While the N value is a useful guide, it is not the only criterion for
the selection of the working fluid. Other factors such as vapor pressure and
the compatibility of materials, including fluid stability, are also important
considerations [12,18].

Non-toxic and fireproof working fluids inside cooling systems are
desirable for aircraft applications. The design of an evacuation system
could be necessary depending on the aircraft certification requirements
and the fluid used. Therefore, the use of fluids such as ammonia, methanol,
acetone, ethanol, toluene, R134a and R22 are discouraged. Water offers
the greatest potential for application as a fluid (highest figure of merit,
non-toxic, fireproof and low cost). However, subzero temperatures can
freeze the fluid within the closed thermosyphon. Nevertheless, despite
the freezing issue, water was selected as the working fluid in this study.

2.3 EXPERIMENTAL SETUP

In order to evaluate the present concept, a prototype was con-
structed and the cooling system requirements were reproduced. The
experiments were performed at the Labtucal/Lepten laboratory of the
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Mechanical Engineering Department at the Federal University of Santa
Catarina, Brazil.

Air Outlet, vac, Tac,out

—

[mimimimimin

IR
mnnn
W
AC Condenser 4 Blumunn IRRIRIRINT Fus Condenser
W
IR
W

g,

Cartridge
Resistance

Fan

Power Supply

(—4004‘?

AC Duct

<_
Evaporator

Air Inlet, vac, Tac,in

Figure 5 — Prototype illustration. Expressions Fus and AC stand for fuselage and
air conditioning, respectively. Letters B to L designate temperature recording
points. Main dimensions are shown in millimeters.

Fig. 5 shows a sketch of the prototype with the thermocouple
positions (B to L). Two condensers (fuselage and air conditioning) are
connected to the same evaporator by vapor and liquid lines. Expressions
Fus and AC stand for fuselage and air conditioning, respectively. Each
condenser consists of six parallel channels connecting inlet and outlet
manifolds. After condensation takes place, liquid lines lead the liquid flow
back to the evaporator base. The pipes, which comprise the condensers,
were constructed according to the fuselage curvatures and space restric-
tions of a commercial aircraft. The air conditioning condenser pipeline
was inserted inside an air conditioning system duct provided by Embraer
S.A. Water and copper were used to ensure the fluid-material compati-
bility [18,19]. A water volume of 0.85 L was placed into the evaporator
after cleaning and vacuum operations. The total external area of the
prototype is approximately 0.4 m2. The external areas of the evaporator
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and condensers are approximately 0.1 m? each, while the vapor and liquid
lines are 0.07 and 0.03 m?, respectively. Pipe outer diameters of 12 and
18 mm were applied to connect AC and Fus condensers to the evaporator,
respectively.

The use of fins could enhance heat transfer by adding supplemen-
tary condenser area, and then improving the space arrangement within
the aircraft which is intended to work as heat sink. However, the main
reasons which prevented the use of fins at each condenser in this study
are explained as follows. The prototype was designed to be installed
at an Embraer 170 test aircraft for on-ground and in-flight tests. For
safety reasons, the fuselage condenser cannot be directly exposed to the
unpressurized air external to the aircraft. To satisfy the safety requisites,
two aluminum blocks compress the copper pipes which comprise the
fuselage condenser. The external surface of the outer aluminum block is
milled with the same geometry of the aircraft passenger window, which
allows integration with the aircraft fuselage structure. Thermal grease was
applied to the copper pipes and the internal geometry of each aluminum
block to decrease thermal contact resistance. Therefore, the presence
of fins in the fuselage condenser would add extra complications to the
aluminum milling process.

The prevention of fins in the AC condenser is justified as follows.
The AC condenser was inserted within an AC system duct of an Embraer
170 test-aircraft. Two issues prevented the use of fins: the limited internal
space of the AC duct which can prevent the complete prototype assembly,
and the AC system design of the test-aircraft. Several AC ducts are
linked to a common manifold. The use of fins can highly increase the
pressure drop in the adapted AC duct. The installation of valves along
the air circuit within the AC system is not handy or even allowed to our
research group. If pressure drop is severely increased, the air stream will
be redirected to other parallel AC ducts in the aircraft. As a consequence,
the heat transfer can decrease in the AC condenser. The possibility of
using fins at each condenser will be evaluated in a second generation of
the prototype.

The temperature distribution was monitored by means of K-
type thermocouples (TC), distributed according to Fig. 5. A National
Instrument (SCXI-1000) data acquisition system was used to collect the
data. A computer was employed to store the data and to control the
experimental parameters. The letters from B to L designate temperature
recording points whereas A represents the evaporator mean temperature
determined from several measurement points along the evaporator. Am-
bient air temperatures were also obtained. Air velocity measurements
at the air conditioning cross section, v4¢, were acquired by hot wire
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anemometry using a Kimo air velocity transmitter CTV 110 according
to the Log-Tchebycheff rule [20]. The air flow rate was regulated by a
centrifugal fan. Air speeds of up to 6.1 m/s were reached. The air inlet
temperature was controlled by the internal laboratory refrigeration sys-
tem, which could be reversed to work as a heating pump. Air velocity
cross-section measurements revealed that the internal flow inside the duct
had approximated mean velocities (1.5, 3.8 or 6.1 m/s). The effects of
the flow entrance, duct curvature and short entrance length did not allow
fully developed flow. The variable air flow rate promoted the indirect
control of the heat transfer coefficients for the AC condenser.

A Lauda Proline thermal bath was used to control the heat
transfer conditions at the fuselage condenser. This equipment can provide
flow rates, iy, and temperatures, Ty, ranging from 0 to 25 L/min and
-30 to 50 °C, respectively. Heat is removed from the thermosyphon in the
condenser fuselage by a heat exchanger, composed of two hollow aluminum
blocks (see Fig. 6), which promotes contact of the circulating cooling
fluid from a thermal bath with the copper pipelines. These aluminum
blocks compress the copper pipes, which comprise the fuselage condenser
setup. To achieve subzero temperatures, ethylic alcohol was employed
as working fluid in the Lauda equipment. The alcohol solution exits the
heat exchanger after crossing a distance within the aluminum block of
approximately 4 m. Omega thermal grease was applied to the copper
pipes and the semi-cylinder holes of each aluminum block to prevent
thermal contact resistance. Power is provided to the evaporator section by
an embedded cartridge heater with an external area, A, of approximately
0.02 m2. The input power is adjusted by voltage control through a TDK
Lambda power supply (GEN 300-5). The thermocouple temperature
measurement uncertainty was £1.1 °C and the heat input uncertainty
was observed to be approximately 3%. The velocity uncertainties at AC
cross section were roughly +3.0%.
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Orifices for coolant
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Orifices for compressing

fuselage condenser pipes

Figure 6 — Illustration of the heat exchanger assembly at the fuselage condenser.
Coolant fluid circulates internally to the orifices.
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2.4 EXPERIMENTAL PROCEDURE

Experiments were performed as follows. The prototype was tested
under 15 different conditions as summarized in Table 3, with four main
variations according to the condenser heat transfer mode: a) combined
natural convection (case Al), b) forced convection at the fuselage and
natural convection at the air conditioning system (cases A2-A10), ¢)
forced convection at the air conditioning system and natural convection
at the fuselage (cases A11-A13), and d) combined forced convection (cases
Al14 and A15).

Input power ranged from 100 to 900 W and power increments of
50 or 100 W were applied for the same test case. Each power step was
kept constant for 30 min and then increased. This period was enough
to achieve a quasi-steady regime only when the fuselage condenser was
turned on. A wide range of temperatures (-30 to 50 °C) was applied to
the fuselage condenser with three flow rates: 0.0, 3.6 and 14.3 L/min.
The air stream temperature of the air conditioning duct entrance was
kept at 20 °C. The inlet air stream mean velocities were adjusted to
0.0, 1.5, 3.8 and 6.1 m/s. It should be noted that cases A2-A10 and

Table 3 — Laboratory experiment conditions for the cooling system prototype.
Input power ranged from 100 to 900 W with increments of 100 or 50 W in each
case.

AC inlet setting Fus inlet settings Aircraft representative
Case vac, [m/s] myp, [L/min] Ty, [°C] operation
Al 0.0 0.0 20 On-ground
A2 0.0 3.6 50 In-flight
A3 0.0 3.6 40 In-flight
A4 0.0 3.6 30 In-flight
A5 0.0 14.3 20 In-flight
A6 0.0 14.3 10 In-flight
A7 0.0 14.3 0 In-flight
A8 0.0 3.6 -10 In-flight
A9 0.0 14.3 -20 In-flight
A10 0.0 3.6 -30 In-flight
All 1.5 0.0 20 On-ground
Al2 3.8 0.0 20 On-ground
A13 6.1 0.0 20 On-ground
Al4 3.0 3.6 -30 In-flight

Al5 6.1 3.6 -25 In-flight
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A14 and A15 approach in-flight conditions, while cases A1 and A11-A13
resemble on the ground conditions. In real situations, which mean during
flights, the air conditioning system is always switched on, however, cases
A6-A10 mainly represent low temperature at the fuselage reached in
cruise conditions while cases A2-A5 represent temperatures during climb
or descent attitudes.

2.5 RESULTS
2.5.1 AC and Fus condensers in natural convection: Case A1l

Fig. 7 shows the evolution of the mean temperature for the
evaporator (A), fuselage vapor line (B), air conditioning vapor line (H),
fuselage liquid line (G) and air conditioning liquid line (L) for case Al.
Heat is removed from AC and Fus condensers by natural convection. The
input power to the evaporator, which is shown on the RHS of the Y-axis,
ranges from 250 to 400 W with increments of 50 W. Evaporator and
vapor line mean temperatures vary almost linearly. Temperatures of up
to 73 °C are reached with 400 W. The liquid line mean temperatures are
lower (between 50 and 60 °C) at the same power. The differences between
the liquid and vapor mean temperatures (ca. 15 °C) indicate that each
condenser is operating in loop.

Heat transfer coefficients of approximately 3.5 W/(m?K) have
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£ eof 1300
& 5
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301 1150
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0 0.5 1 1.5 2

time [h]
Figure 7 — Effect of the input power on the thermal behavior of the cooling
system with both condensers turned off (case Al).
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been reported for natural convection at vertical plates by Raithby and
Hollands [16]. The mean heat transfer coefficients for the bottom and top
of horizontal plates were 1.5 and 5 W/(m?K), respectively [17]. For rough
heat transfer modeling, it is here convenient to assume mean coefficients
of 3.5 W/(m?K) for the overall external prototype area.

Assuming an environment air temperature of 20 °C and con-
sidering the external area of each condenser (approximately 0.1 m? for
the air conditioning condenser and 0.2 m? for the external area of the
aluminum blocks) it is possible to estimate the expected heat transfer
rate. At an input power of 400 W the vapor reaches the inlet condensers
at approximately 70 °C. Assuming a constant flow temperature along
the condensers (70 °C), heat is removed at rates of 35.0 and 17.5 W
by the fuselage and air conditioning system, respectively. Clearly, the
external thermal resistance is high enough to promote high temperatures
in the cooling system with reduced input power. A transient condition
is observed. The water vapor mass increases in the cooling system and
the latent heat, q;q;, mostly explains the gap between the heat transfer
rates and the electrical power input. Equation (2.2) illustrates this heat
balance:

Qin = qAC + qFus T Qlat; (22)

where ¢;n, gac, qrus and g stand for input power from the electrical
resistance, heat removed from the air conditioning system, heat removed
from the fuselage and vaporization latent heat, respectively.

2.5.2 Fus in forced and AC in natural convection: Cases A2-A10

Cases A2-A4 are not expected for cruise flight conditions at high
altitudes regardless of the season. High fuselage temperatures (30 to 50 °C)
are only expected during approach or climb in low altitudes. However,
to investigate the cooling system in depth, these thermal conditions are
also reported. Since the results for cases A2, A3 and A4 are similar, the
presentation of only one case within this set is sufficient to illustrate the
main results.

In Fig. 8, the results for case A3 are presented. The mean tem-
perature evolution for the evaporator, vapor and liquid lines are shown
in the LHS of the Y-axis whereas the corresponding input power to the
evaporator is shown on the RHS. For time [h] < 0.45, the mean tempera-
tures in the evaporator increase at a high rate (1.0 °C per 8 W) up to
46 °C at 200 W. For an input power of over 200 W, the mean temperature
of the vapor in the cooling system increases at a rate of ca. 1 °C per
67 W. At this stage, heat is properly removed by the fuselage condenser,
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Figure 8 — Effect of the input power on the thermal behavior of the prototype

with fuselage condenser on and air conditioning system in natural convection
(case A3).

which operates as a loop-thermosyphon (note the temperature difference
between the fuselage vapor inlet-B and liquid outlet-G). The operation
system temperature (mean temperature of the vapor) is kept at 56 °C at
900 W. For cases A2 and A4, vapor temperatures of approximately 63
and 53 °C, respectively, are reached at 900 W. Observe that the fuselage
liquid line shows temperatures close to the thermal bath settings (40 °C).
This shows that the fuselage condenser can perform reasonably at higher
input power. It can be noted vapor presence in the AC liquid line for a
power of over 500 W (see dashed line in Fig. 8). After this point, only
sensible heat is removed in the AC system, and the AC loop does not
work properly as a two-phase flow mechanism.

Fig. 9 compares the input power to the heat removal from the
cooling system for case A3. The rate of heat transfer by natural convection
was estimated considering the total area of the cooling system (evaporator,
aluminum external area, air conditioning condenser, and vapor and liquid
lines) and the corresponding mean temperatures for each above-mentioned
area. The heat transfer coefficient for natural convection was taken as
3.5 W/(m?K) as previously explained. Heat removal by natural convection
is only a small fraction of the total input power (see diamonds in Fig. 9).
The rate of heat transfer to the thermal bath is obtained by measuring the
flow rate, and the entrance and exit temperatures for the fluid refrigerant
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Figure 9 — Heat transfer rates to the thermal bath for case A3.

(see squares in Fig. 9). This figure shows that the fuselage condenser works
appropriately as a heat sink. The sum of both heat parcels corresponds
to the input power within the measurement error. Error-bars for the heat
transfer to the thermal bath are estimated with the aid of the standard
error within 95% confidence intervals; see Holman [21] and Coleman and
Steele [22].

Cases Ab-AT7 aim to reproduce in-flight conditions at low alti-
tudes on hot days, without forced convection on the air conditioning
condenser. Fuselage temperatures ranged from 0 to 20 °C. At 900 W,
vapor temperatures of approximately 48, 45 and 43 °C were obtained for
cases, A5, A6 and A7, respectively.

Since the results for cases A5, A6 and A7 are similar, only one
case within this set needs to be reported to illustrate the main results.
The results for case A7 are shown in Fig. 10. The mean temperature
in the evaporator and vapor lines reached 32 °C at 100 W and slowly
increased to 43 °C at 900 W (1 °C per 73 W). Heat is properly removed
at the fuselage condenser, which operates as a loop-thermosyphon (note
the temperature difference between the fuselage vapor inlet and liquid
outlet). No relevant phenomenon was noted for the water within the
fuselage condenser with the thermal bath set to 0 °C.

Fig. 11 compares the input power and the heat removal from the
cooling system for case A7. The rates of heat transfer by natural convection
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Figure 11 — Heat transfer rates by convection to the thermal bath for case A7.

and to the thermal bath were estimated in the manner described above.
The heat removed by natural convection represents only a small fraction of
the total input power (see diamonds in Fig. 11). Heat is mainly transferred
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to the thermal bath; the fuselage condenser works appropriately as a heat
sink. Note that the air conditioning condenser does not work properly as
a two-phase flow mechanism for powers over 500 W. Vapor is observed
to be present in the AC liquid line (see dashed line in Fig. 10).

Cases A8-A10 reproduce in-flight conditions at the fuselage con-
denser where the temperatures ranged from -30 to -10 °C. Case A9 was
chosen to illustrate the main results. At 800 W, vapor temperatures
between 40 and 42 °C were obtained for these experimental cases. Tem-
peratures for the liquid lines as a function of the input power are shown
in Fig. 12 for case A9. Fig. 13 shows temperatures of the evaporator and
vapor lines also for case A9.

It can be noted that the temperature at the central point of the
AC liquid line (L in Fig. 5) approaches that of the evaporator and vapor
lines for an input power of over 500 W, indicating that the maximum heat
removal capacity of the AC condenser was reached for an input power of
500 W. Heat removal occurs mostly at the fuselage heat sink in a fashion
similar to that observed in Figs. 9 and 11.

Water inside the fuselage condenser is frozen during the startup
and for an input power of less than 400 W. This can be noted in the tem-
perature recordings at the fuselage liquid circuit in Fig. 12. Temperatures
at the exit and at the closed-end of the fuselage outlet manifold (points
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Figure 12 — Effect of the input power on the liquid returning lines temperatures
for case A9.
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Figure 13 — Effect of the input power on the inlet manifolds and evaporator
temperatures for case A9.

F and E, respectively, in Fig. 5) are below 0 °C during the start-up. At
the center of the fuselage liquid line (point G in Fig. 5), the temperature
is reduced from 15 to 5 °C during the experiment. This temperature
reduction is abrupt and only occurs at 400 W, when the temperature is
0 °C at the outlet manifold exit (Point F). The water melting allows the
heat sink at the fuselage to work as a loop-thermosyphon and promotes
a temperature reduction at point G at 400 W.

Temperatures at the evaporator and at the entrance of the
fuselage inlet manifold (points A and C in Fig. 5) remain similar, whereas
the temperature at the end of the fuselage inlet manifold (point D) varies
intermittently between the evaporator temperature and 0 °C; see Fig. 13.
Note that point E is kept below 0 °C, whereas point F is above 0 °C for
an input power greater than 300 W; see Fig. 12. Only the first channels
of the fuselage heat sink seem to actually work as a loop.

2.5.3 Fus in natural and AC in forced convection: Cases A11-A13

Cases A11-A13 represent possible thermal conditions on the
ground considering environment temperatures of approximately 20 °C.
The air conditioning condenser performance is evaluated for air velocities
up to 6.1 m/s. Only one case within this experimental set is presented to
show the main thermal characteristics.

Fig. 14 shows the evolution of temperatures for case A13. The
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Figure 14 — Effect of the input power on the thermal behavior of the cooling
system with the fuselage and AC condenser in natural and forced convections,
respectively, for case A13.

corresponding input power to the evaporator is shown on the RHS of the
Y-axis. The mean temperatures at the evaporator and the vapor lines are
nearly coincident and increase almost linearly at over 300 W. The mean
temperature of the evaporator reaches 100 °C when 900 W is provided by
the electrical resistance. A temperature of 100 °C is achieved with 700 W
for case A1l and with 800 W for case A12.

At the fuselage, the outlet manifold exit temperature almost
coincides with the vapor line temperature for a power of over 500 W.
At the air conditioning system, this occurs for a power of over 700 W.
The vapor mass in the cooling system will increase with increasing input
power. The rate of heat transfer to the air conditioning system is obtained
by measuring the flow rate, and the entrance and exit temperatures of the
air stream. When the vapor line reaches 100 °C (at approximately 900 W
input power), nearly 350 W are removed at the air conditioning condenser.
At 100 °C, the overall rate of heat transfer by natural convection is
estimated to be 100 W. A transient condition is observed. Water vapor
mass increases in the cooling system and latent heat, g;4¢, mostly explains
the gap between the heat transfer rates and input electrical power.
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2.5.4 Fus and AC condensers in forced convection: Cases A14 and A15

Cases A14 and A15 simulate the thermal behavior for in-flight
conditions, assuming that the fuselage condenser is exposed to temper-
atures of -30 and -25 °C. The air conditioning condenser performance
is evaluated with mean air velocities of up to 6.1 m/s. The air stream
temperature at the duct inlet is 20 2C. Only one case suffices to show the
main characteristics of this test condition.

Fig. 15 shows the temperature distributions for the liquid lines
and Fig. 16 for the evaporator and vapor lines for case A14. At 900 W,
vapor temperatures of approximately 42 °C were obtained for cases A14
and A15.

As observed in case A9, the temperature in the AC liquid line
central point (letter L in Fig. 5) approaches the evaporator and vapor
lines for an input power of over 500 W, indicating that the the maximum
heat removal capacity of the AC condenser was reached at this power
level. Water is frozen inside the fuselage condenser during the start-up
and for an input power of less than 400 W. The temperature at the
end of the fuselage condenser inlet manifold (point D in Fig. 5) varies
intermittently (see Fig. 16). Only the first channels of the fuselage heat
sink appear to actually work in a loop. This indicates that the total heat
removal capacity of the fuselage heat sink is above 900 W. The general
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Figure 15 — Effect of the input power on the liquid returning lines of the cooling
system with both condenser in forced convection (case A14).
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temperatures of the cooling system with both condensers in forced convection
(case Al4).

cooling system behavior for case A14 is similar to that shown in case A9
(see Figs. 15 and 16). For the sake of brevity, the reader is referred to
section 2.5.2 for more information.

When the fluid refrigerant temperature is adjusted to -30 °C
(case A14, for instance) the thermal bath is able to remove limited power
due to the low bath temperature. The heat removal capacity increases
with increasing temperature in the thermal bath. As a consequence, the
fluid temperature in the bath will increase if the heat removal exceeds
a certain level of input power. In Fig. 15 for an input power of over
600 W, the thermal bath cannot be kept at -30 °C. This explains also
why temperatures in the fuselage liquid line rise to over 700 W (after 3
h).

The heat removal from the cooling system is compared to the
input electrical power for case A14 in Fig. 17. The heat transfer rate
by natural convection can be neglected in the analysis (see diamonds in
Fig. 17). The heat transfer rate to the air stream increases for a power
of over 500 W, but this is minor compared to the heat removal capacity
at the fuselage. Less than 100 W of heat is removed from the AC with
an electrical power supply of 900 W. The heat removal capacity of the
fuselage heat sink is dominant. The sum of all heat parcels correspond to
the input power within the measurement error.
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2.6 DISCUSSION

The worst working scenario for the proposed heat exchanger is
when the condensers are required to dissipate heat by natural convection.
Temperatures of up to 75 °C were reached with 400 W of input power.
Considering the prototype external area (ca. 0.5 m? including the alu-
minum blocks) is exposed to ambient air at 20 °C and the heat transfer
coefficients are approximately 3.5 W/(m2K), the total heat removal ca-
pacity is below 100 W. Most of the input power was absorbed as latent
heat and the vapor mass increased within the cooling system.

When forced convection acts in the fuselage and the air condi-
tioning system is off (cases A2-A10), evaporator temperatures rise at a
rate of 0.125 °C/W for input powers of between 100 and 200 W. For
an input power of over 200 W, the evaporator temperatures rise at a
rate of 0.014 °C/W. This level of power is an indication of start-up for
the prototype under in-flight conditions. The evaporator temperatures
ranged from 63 to 40 °C at 900 W with variations in the thermal bath
temperature from 50 to -30 °C.

The heat transfer coefficients, which were imposed on the fuselage
condenser, can be estimated considering in-flight conditions. The air tem-
perature is taken as the bath setting temperature. The fuselage condenser
temperature was measured. The external condenser area is ca. 0.1 m?2.
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The rate of heat transfer of the thermal bath was measured considering
the ethylic alcohol mass flow rate and the entrance and exit temperature
difference, and heat transfer coefficients of approximately 200 W/(m?K)
were observed. Zhang et al. [14] reported mean external convective heat
transfer coefficients under in-flight conditions of 332.47 W/(m?K). There-
fore, from the present data, one can state that the fuselage condenser
can work appropriately as a heat sink. Refrigeration by the fuselage
can reduce the air conditioning requirements and therefore decrease the
environmental control system cooling demands.

Cooling system malfunction is not observed when the water inside
the fuselage condenser is frozen. The system was able to properly remove
heat even when the fuselage was not operating as a loop-thermosyphon,
keeping the evaporator temperature below 45 °C (see Fig. 16, for example).
Note that temperatures at the evaporator do not rise sharply. Electronic
bays within an air airplane would only fail if they surpass temperatures
approximately 70 to 100 °C.

Observe that freezing at the fuselage condenser only occurs if the
input power to the evaporator is low; e.g. approximately 300 W. At the
fuselage condenser and with this power or below condensation, freezing
and melting may occur simultaneously in the parallel channels. Heat is
also removed in the AC condenser and temperatures at the evaporator are
kept below 45 2C. When the input power to the evaporator is continuously
increased (equal or greater than 400 W), the system works once again as
a stable loop-thermosyphon at the fuselage. It was shown that only the
fuselage condenser could easily handle input power as high as 1 kW.

During flight, the air static temperature outside the aircraft
can be as low as -60 °C. Freezing, however, should not be a problem
at these conditions. If the prototype geometry was kept the same, the
only expected difference would be the increase in the input power which
promotes water melting at the fuselage in order to achieve a stable loop-
thermosyphon. Notice that a heat balance in the prototype is affected
by the areas of each condenser, the heat transfer coefficients externally
to these areas, the temperatures of the streams inside the AC duct and
outside the aircraft, and the mean prototype temperature. These variables
will determine the minimal input power to the evaporator which will
avoid freezing at the fuselage.

If heat sources need to be refrigerated on the ground, the air
conditioning condenser acts with lower heat transfer coefficients than
the fuselage. The evaporator temperature can reach 100 °C with input
power ranging from 700 to 900 W depending on the air speed within the
duct (see Section 2.5.3). Heat transfer coefficients for the AC condenser
vary from 30 to 50 W/(m?K). Typical heat transfer coefficients for forced
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convection in air vary from 10 to 100 W/(m?K) [23,24]. In this situation,
the external area of the AC condenser needs to be optimized with fins.
Air duct speeds of over 6.1 m/s will be necessary to reduce the mean
temperature of the cooling system.

When the AC system is turned on under cruise flight conditions,
the vapor temperatures in the cooling system reach 42 °C at 900 W.
Cooling system malfunction is not observed when water within the fuselage
condenser is frozen (during the start-up and for an input power of less
than 400 W). Clearly, heat removal by the fuselage condenser is preferred.
Although the air conditioning was turned on, approximately 10% of the
total input power was removed by the AC condenser with an input power
of 900 W. Thus, it can be concluded that the heat removal capacity of
the fuselage heat sink is dominant.

2.7 SUMMARY AND CONCLUDING REMARKS

A cooling system prototype was tested in laboratory in a system
which resembles those of electronic equipment cooling applications. The
heat exchanger prototype consists of loop-thermosyphons with two con-
densers and a common evaporator. A multitude of thermal conditions was
evaluated by simulating condensers exposed to the aircraft cabin-external
air and to the aircraft cabin-internal air. Combined natural convection,
combined forced convection and a combination of forced and natural
convection at each condenser were replicated. The fuselage condenser
performance was tested at temperatures ranging from -30 to 50 °C, while
the heat transfer coefficient ranged from natural convection to values as
high as 200 W/(m?K). The air supply to the air conditioning condenser
was kept at 20 °C and the heat transfer coefficients ranged from natural
convection to 50 W/(m?K). An input power of up to 900 W was provided
to the evaporator base by an embedded electrical resistance. The main
conclusions of this chapter are:

e While the input power is mostly consumed by the latent heat of
water vaporization in combined natural convection, the cooling
system evaporator temperature should be less than 80 °C for an
input power of 0.5 kW;

e When forced convection acts in the fuselage and the air conditioning
system is off, evaporator temperatures rise at a rate of 0.014 °C/W
during the start-up. Under in-flight conditions, evaporator temper-
atures can be as low as 45 °C for 0.9 kW of input power;

e Cooling system malfunction is not observed when water inside
the fuselage condenser is frozen. The system was able to properly
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remove heat even when the fuselage was not operating as a loop-
thermosyphon, keeping the evaporator temperature below 50 °C;

When heat sources need to be refrigerated on the ground, the air
conditioning condenser external area should be optimized with fins.
Air duct speeds of over 6.1 m/s are required to keep the cooling
system mean temperature below 100 °C for an input power of
approximately 1 kW;

When the air conditioning system is turned on under in-flight
conditions, vapor temperatures in the cooling system reach 41 °C
at 900 W. The heat removal capacity of the fuselage heat sink is
largely dominant (approximately 90%).
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3 IN-FLIGHT TESTING OF LOOP THER-
MOSYPHONS FOR AIRCRAFT COOLING

The content of this chapter is based on the following article:

e« OLIVEIRA, J. L. G.; TECCHIO, C.; PAIVA, K. V.; MANTELLI, M.
B. H.; GANDOLFI, R.; RIBEIRO, L. G. S. In-flight testing of loop-
thermosyphons for aircraft cooling. Applied Thermal Engineering,
v. 98, p. 144-156, 2016.
DOI:10.1016/j.applthermaleng.2015.12.008

3.1 INTRODUCTION

In the previous chapter, the thermal behavior of a novel passive
heat exchanger proposed by Oliveira et al. [13] was investigated under
limited laboratory conditions. The HES fuselage condenser was tested
with temperatures ranging from 50 to -30 °C. The simulated heat trans-
fer coefficients were imposed by the thermal bath that pumped cooled
refrigerant. Air with speeds of up to 6.1 m/s and at temperatures of
approximately 20 °C simulated the airplane air conditioning duct. How-
ever, laboratory testing cannot be completed as the effect of the flight
maneuvers on the prototype behavior could not be tested.

In the present chapter, the fuselage condenser is submitted to
real flight conditions, and so is subjected to actual aerospace heat transfer
coefficients and temperatures (approximately -56 °C) whereas the air
conditioner condenser is tested with air speeds of approximately 10 m/s
and temperatures ranging from 10 to 50 °C. The HES presented in chapter
2 was installed in an Embraer test aircraft after some adaptation. The
prototype was evaluated on the ground and during flight. Conventional
commercial flight protocols were employed during the tests, which oc-
curred at flight Mach numbers of 0.78 and at altitudes up to 12 km (40000
ft). The main idea was to evaluate the effects of common flight parameters
during maneuvers, namely roll and pitch angles, angular velocities (pitch,
yaw and roll rates) and aircraft acceleration, on the thermal performance
of the prototype. A literature review is provided highlighting the major
scientific contributions of the experimental work presented in this chapter.


http://dx.doi.org/10.1016/j.applthermaleng.2015.12.008
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3.2 PASSIVE HEAT TRANSFER TECHNOLOGIES AND AEROSPACE
APPLICATIONS

Passive two-phase heat transfer technologies such as heat pipes,
thermosyphons, loop-thermosyphons, capillary pumped loops, loop heat
pipes and vapor chambers have been intensively investigated recently by
Sharifi et al. [25]. Owing to their intrinsic efficiency in heat transport,
applications of passive heat transfer devices have been considered in
fields ranging from solar air conditioning and refrigeration systems to
power-engineering applications with abrasive and corrosive atmospheres
at temperatures as high as 1000 °C; see Moradgholi et al. [26] and Meisel
et al. [27], for example. Energy recovery systems based on heat pipe
technology were also subject of research; see Hu et al. [28], Yau and
Ng [29], Tiari et al. [30], Zhang and Lee [31] and Siddiqui [32]. The
technologies previously mentioned are essentially discriminated by the
approach of the liquid return to the evaporator (by gravity, by capillary
pumping or by a combination of both) and by the displacements of
vapor and liquid streams which can be completely separated in a loop
design or with counter-current vapor-liquid flows presenting higher design
compactness but with higher friction losses.

Zuo and Gunnerson [33] modeled a steady-state performance
of a closed thermosyphon and compared the results obtained with ex-
perimental data. The parametric effects of operating temperatures, ge-
ometry, working fluid inventory and condenser thermal capacity were
studied as well. More recently, Jiang et al. [34] and Shabgard et al. [35]
developed a numerical model to simulate the transient operation of a
closed-thermosyphon with various working fluid filling ratios. The heat
transfer coefficients and the overall thermal resistance were investigated
by adding solid fractions to the working fluid. They observed that the
overall thermal resistance decreased with increasing solid holdup. The
latter simulated the transient operation of a thermosyphon with various
working fluid filling ratios. For preventing breakdown of the condensate
film, they concluded that the working fluid should occupy over 10% of the
evaporator volume to assure a roughly optimal and stable steady-state
operation.

An analytical model for a loop-thermosyphon for cooling air
inside a telecommunication cabinet was proposed by Chehade et al.
[36]. These authors considered the model a combination of thermal and
hydraulic management of two-phase flow in the device. An experimental
study was also conducted and the mean deviation between predictions
of the theoretical model and measurements were less than 6%. Bojié
and Lukié¢ [37] studied experimentally a single thermosyphon with two
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condensers. The authors concluded that the thermosyphon behavior was
controlled by the heat added to the evaporator and by the condenser
with higher heat transfer capacity.

For aerospace applications, loop-heat pipes have been mainly
researched in the past decade. Lu and Wei [38] investigated the stability
and heat transfer efficiency of a conventional loop-heat pipe with a
flat rectangular evaporator. Their research was focused on establishing
the conditions for proper system start-up. Experimental attempts of
keeping the high performance of loop-heat pipes at distances of 10 m were
studied by Mitomi and Nagano [39], while Nishikawara and Nagano [40]
investigated the effects of properties of working fluids such as ethanol,
acetone and R134a on the performance of a miniature loop-heat pipe.
Sarno et al. [41] developed an alternative completely passive cooling
system based on a two-phase technology including heat pipes and loop-
thermosyphons adequately integrated inside the seat structure and using
the benefit of the seat frame as a heat sink. This device allowed heat
transfer rates of 10-100 W from in-flight entertainment systems to the
heat sink.

3.3 EXPERIMENTAL APPARATUS AND PROCEDURE

The heat exchanger prototype evaluated in this study was pre-
sented and described in Chapter 2, Section 2.3; (see Fig. 5). For the
sake of brevity, the setup description and working principle will not be
repeated here.

In order to evaluate the prototype thermal performance in real
flight conditions, the setup was installed in an Embraer aircraft at the
Embraer flight test division located in Gavidao Peixoto, Sao Paulo, Brazil.
A photo of the prototype inside the aircraft is shown in Fig. 18.

Dimensions of the device were chosen respecting the aircraft
restrictions and available space. In Fig. 18, the evaporator (1) was posi-
tioned in parallel with the aircraft roll axis. For reference, the aircraft
tail is located at the left side of the evaporator. Fus condenser (2) was
attached to the aircraft fuselage (4) through the window since a struc-
tural coupling could compromise the flight safety. The AC condenser is
positioned inside the aircraft air-duct (3). Photographs of the fuselage
condenser assembly are shown for the cabin interior in Fig. 19 and the
outside of the aircraft in Fig. 20. Note that the aluminum blocks were
milled to decrease the weight.

The temperature history was acquired by means of K-type ther-
mocouples, distributed according to Fig. 21, and recorded on a computer.
Flight test instrumentation (FTI) was used to monitor and record the



64

Figure 18 — Photograph of the prototype installed within the aircraft. Numbers
denote heat exchanger evaporator (1), Fus-condenser (2), AC duct (3) and
aircraft fuselage (4).

Figure 19 — Internal view of the fuselage condenser assembly.

experimental variables: temperature, cabin pressure, input power, aircraft
acceleration and aircraft altitude. A computer was employed to store this
data and to control the experimental parameters. The letters A—W in
Fig. 21 designate the temperature recording points.

The aircraft cabin temperature, static external air temperature,
and total external air temperature were also obtained. Insulation of the
liquid and vapor lines as well as the evaporator section was provided
using ceramic fibers; see Fig. 18. Power was provided to the evaporator
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by an embedded electrical resistance. The input power was adjusted by
voltage control through a TDK Lambda power supply (GEN 300-5). The
heat input uncertainty was observed to be 3%. Air velocity measurements
were taken at the air conditioning duct entrance (point V) and exit
(point W) by hot wire anemometry (HWA) using a Kimo air velocity and
temperature transmitter (CTV 110). The thermocouple measurement
uncertainty was £1.1 °C, while the velocity and temperature measurement
uncertainties of the transmitter were +£3% and 4+0.5%, respectively.

Figure 20 — External view of the fuselage condenser assembly.
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Figure 21 — Measurements sites in the setup. Letters A-W designate temperature
recording points. Velocity was also recorded at points V and W.
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3.3.1 Acceptance tests

In order to fulfill all the requirements imposed by the Radio
Technical Commission for Aeronautics (RTCA) of Federal Aviation Ad-
ministration (FAA), the prototype was submitted to constrained accep-
tance test conditions. The purpose of these tests is to define standard
environmental test conditions and applicable test procedures for airborne
equipment. The tests followed several RTCA/DO-160G [4] categories,
including effects of the prototype temperatures on the aircraft system,
effects of altitude, e.g. loss of cabin pressure on the testing device and
support equipment as power supply and data acquisition system, as well
as RF emission and susceptibility.

3.3.2 Test methodology

Experiments were performed under on-ground and in-flight con-
ditions. Table 4 summarizes the main parameters of the experiments.
On the ground, natural convection takes place in the fuselage condenser
while heat is removed in the air conditioning duct by forced convection.
In flight, forced convection acts in both condensers. The on-ground test
took 1 h 30 min, and the flight lasted 2 h 30 min. The electrical heater
input power ranged from 0 to 850 W. Further experimental details are
given below.

Table 4 — In-flight and on-ground parameters.

Parameters Flight Ground
Cabin temperature, [°C] 16 to 27 27
Input power range, [W] 0to 80 0 to 850
Test time, [h] 2.5 1.5
Maximum Mach number 0.78 -
Altitude, [km)] 0 to 12 -

Static air temperature, [°C] -56 to 27 27

AC air inlet temperature, [°C] 10 to 50 10

AC air inlet velocity, [m/s] 10 10

3.4 EXPERIMENTAL RESULTS
3.4.1 Description of in-flight test

The in-flight test conditions were as follows. True air speeds of
up to 878 km/h were registered, corresponding to a flight Mach number,
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Figure 22 — Temperature profiles for the cabin and external static air during
the flight.

M, of 0.78 at 8 km above sea level. The aircraft speed was varied above
this height to keep the Mach number roughly the same. A static air
temperature, T, of -56 2C was observed at 12 km altitude. The cabin air
temperature ranged from 27 °C on the ground to 16 °C during the flight.
These flight conditions are representative of commercial flights. The input
power to the evaporator, ¢;,, varied in the range 0 < ¢;,[W]< 850 during
the flight, which lasted 2 h 30 min. Fig. 22 shows the temperature profiles
for the aircraft cabin and the external static air. The flight altitude is
shown on the RHS.

Fig. 23 shows the flight attitude and the Cartesian coordinate
system adopted. The X-axis is aligned with the aircraft nose, while the
Y-axis is aligned with the wingspan and the Z-axis is orthogonal to the
other two axes. Pitch, roll and yaw rotations are assumed for the Y-, X-
and Z-axis, respectively.

The aircraft roll and pitch angles, angular velocities and acceler-
ations are shown in Figs. 24, 25, 26, in that order. Pitch and roll angles
ranged from -82 to 24° and -60° to 60°, respectively. Angular velocities
alternated from -2.5 to 5 deg/s (pitch rate), -10 to 10 deg/s (roll rate), and
-7 to 10 deg/s (yaw rate). The aircraft accelerations ranged from -0.83g
to 0.27g (Z-axis), -0.14g to 0.14g (Y-axis), and -0.20g to 0.37g (X-axis).
As shown in this chapter, the roll angle, angular velocities and aircraft
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acceleration had little effect on the behavior of the heat exchanger. The
pitch angle, however, did notably affect the heat exchanger performance

7Z - Yaw Axis

AN

v

Y - Pitch Axis

X - Roll Axis

Figure 23 — Pitch, roll and yaw rotations represented in a cartesian coordinates
system. The z-axis is anti-parallel to the acceleration due to gravity.
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Figure 24 — Aircraft pitch and roll angles as a function of time
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Aircraft pitch, roll and yaw angular velocities as a function of time.
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3.4.2 In-flight results

3.4.2.1 Temperature distribution

The thermal performance of the evaporator is shown in Fig.
27. The input power was set at 850 W during takeoff at time ~ 0.2 h.
During the ascent, evaporator temperatures at points A and B (see Fig.
21) increased by over 100 °C within a few minutes (see squares and
triangles in Fig. 27), whereas evaporator temperatures at points C, D
and E remained at approximately 45 °C. Owing to pitch angles as high as
24° (see the solid line at time ~ 0.2 h in Fig. 24) the electrical resistance
at points A and B was not submerged and the evaporator region, where
thermocouples C, D and E were installed, was flooded with water due
to the liquid displacement. Therefore, the temperature of the vapor at
points A and B increased quickly by 18 °C/min. For safety reasons, the
electrical resistance was turned off at time ~ 0.25 h. When the pitch
angle was less than 10° and the temperatures at points A and B were
below 40 °C at time ~ 0.37 h, the input power was readjusted to 850 W.
For time lags over 0.37 h, the pitch angle variations did not promote
temperatures over 57 °C at any point of the evaporator. Roll angle, pitch,
roll and yaw rates, and X-, Y- and Z- aircraft accelerations did not affect
the thermal behavior of the heat exchanger.
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Figure 27 — Effects of input power and flight conditions on the thermal behavior
of the evaporator.
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It should be noted that the input power provided by the cartridge
resistance varied during the flight, as represented by the solid line in
Fig. 27. Variations in altitude (Fig. 22) allowed the heat exchanger to
be evaluated at different static air temperatures and with different heat
transfer coefficients. Even with the changes in the input power and in
the external heat sink conditions, all points on the evaporator were kept
at between 40 and 57 °C for a time of over 0.37 h.

The vapor line temperatures are shown in Fig. 28. When the
electrical power supply was readjusted to 850 W at time ~ 0.37 h,
temperatures along the AC vapor line (from points F to H in Fig. 21)
were kept roughly at the same level as the evaporator temperatures
(compare the curves in Figs. 27 and 28). An exception to this was that
during the ascent, the resistance was turned off for safety reasons.

During the time interval between 1.05 h and 1.35 h, the power
supply was turned off. During this time lag, the flight was kept at an
altitude of approximately 12 km. Without input power the water inside
the fuselage condenser became frozen, as the external surface of the
aluminum block was subjected to static air temperatures of -56 °C at
Mach number of 0.78. The thermocouple located in the Fus inlet manifold
close-end (point Q) registered temperatures below -6 °C (see circles in
Fig. 28).
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g 8
g o
g 2
o
= £

time [h]
Figure 28 — Effects of input power and flight conditions on the thermal behavior
of the vapor lines.
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When the input power was adjusted to 400 W at time ~ 1.4 h,
water vapor was able to recirculate through the fuselage inlet manifold,
which can be observed from the increase in the temperatures at points P
and Q from approximately -5 to 35 °C. When the input power was adjusted
to 600 W at time =~ 1.6 h, the temperatures along the fuselage inlet
manifold (P and Q) were found to be similar to those of the evaporator.

Fig. 29 shows the thermal behavior of the liquid lines. For the
period between 0 and 1.1 h, significant temperature differences between
the AC inlet and outlet manifolds (red curves in Figs. 28 and 29) can be
observed. After 1.1 h, temperatures in the AC inlet approach temperatures
in the AC outlet manifold. The influence of the evaporator is detected
in the conduit leaving the AC outlet manifold (point K). Temperatures
at the center of the AC liquid line and at the AC liquid line return
(points L and M, respectively) were similar to the temperatures of the
evaporator (see triangles in Fig. 29) and thus, for the sake of simplicity,
the temperatures of thermocouple L (see Fig. 21) are not shown.

The thermal behavior of the fuselage liquid line differs from
that described above. When the power from the cartridge resistance was
inactivated for the period between 1.1 h and 1.4 h, temperatures as low as
-10 °C were observed at the Fus outlet manifold (point S). The freezing
process also occurred in the vapor line of the Fus condenser; see blue
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Figure 29 — Effects of input power and flight conditions on the temperatures of
the liquid lines.
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symbols in Fig. 28. The input power of 400 W at 1.4 h promoted melting
in the Fus liquid line (thermocouple T). The Fus manifold temperatures
(points S and T) were found to be above 0 °C only at 1.8 h and with 600 W.
It appears that the melting process is concluded when the temperature in
the Fus liquid line central point (T) quickly decreased from 15 °C to 0 °C
in the time period between 1.7 h and 1.8 h. This means that the vapor-
liquid loop was reestablished in the fuselage circuit: cold water reached
the central point of the liquid line and returned to the evaporator. It can
be noted in Figs. 28 and 29 that the fuselage inlet and outlet manifolds
show significant temperature differences. This is a clear indication that
the fuselage condenser can easily handle input powers of over 850 W
under the conditions tested.

3.4.2.2 Heat transfer at the air conditioning system

Measurements of air temperature and speed within the AC duct,
as a function of the flight time, are shown in Fig. 30. Owing to cabin
comfort requirements, the air stream temperature varies according to the
external flight settings. During the airplane ascent and at low altitudes,
the air stream temperature is kept between 10 °C and 15 °C. At time ~
1 h the altitude is approximately 12 km and the static air temperature is
close to -56 °C (see Fig. 22). Under these conditions, the air stream can
enter the AC duct at over 50 °C.

In the steady state, the heat flux to the AC air stream, ga¢, can
be computed by:

qAC = mcp(Tout - Tlln)a (31)

where m, ¢, Tour and Ty, stand for average mass flow rate, specific heat
at constant pressure and mean temperatures at the duct outlet and inlet,
respectively. Considering the air mean velocity as 10 m/s, the air mass
density as 1.21 kg/m? and the duct cross-section area as 0.007 m?, ri is
roughly 0.085 kg/s. The specific heat for air is known to be approximately
1 kJ/(kgK), and an estimation of ga¢ is thus possible by considering the
values of T,,; and T}, given in Fig. 30. However, T,,; and T}, matched
within the measurement error. The error propagation of the temperature
difference, AT = Tyt — Tip, is £0.99 ©C. Therefore, only an estimation
of the order of magnitude of gac can be provided. Assuming AT =
1 °C, gac is approximately 85 W. Although this is a rough estimation,
it suffices to show that only a small fraction of the input power was
transferred to the AC duct.
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Figure 30 — Air stream conditions within the AC system. Symbols stand for
temperature (LHS Y-axis) and solid line denotes the mean air velocity in the
AC duct inlet (RHS Y-axis).

3.4.2.3 Heat transfer at the fuselage

Based on the flight results shown so far, it is possible to assess
the fuselage heat transfer coefficients using the following equation, which
represents the heat balance of the tested prototype:

Qin = QAC + QFus + ATRAN; (3.2)

where ¢in, gac, ¢rus and grran stand for, respectively, input power from
the electrical resistance, heat removed from the air conditioning system,
heat removed from the fuselage, and transient operation effects (sensible
and latent heat). The external surfaces of the prototype were insulated
and subjected to natural convection within the cabin; therefore, this heat
parcel was neglected. Due to the low temperatures of the external surfaces
of the apparatus, the radiation heat losses to the environment were also
neglected. In this way, it can be admitted that all the heat added to
the evaporation section is removed in the condensation section, either
at fuselage or at the air conditioner. Note that after 1 h the heat input
varied considerably and thus the vaporization and condensation could
not be well balanced (see Figs. 27, 28 and 29). During this period, the
following phase change mechanisms occurred: condensation, vaporization,
freezing and melting.
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On the other hand, during the time interval between 0.5 h and
1 h the input power was kept constant at 850 W and no freezing or melting
occurred. In this period, the altitude was varied from 9 to 12 km and the
external static air temperature varied from -35 °C to -56 °C (see Fig. 22),
while the Mach number was approximately 0.78. By ignoring the transient
effects, one can assume that the prototype is able to adapt instantly to
the changes in the heat sink conditions. Note that the gac value for the
in-flight period was estimated as a minor quantity in the previous section
and therefore gp,s is the only significant parcel on the RHS of Eq. (3.2).
Based on these hypotheses and calculations, it is possible to compute the
heat transfer coefficient for the external convective stream by:

qdFus = hA (TFUS - T*) 3 (33)

where h, A and T g, stand for, respectively, the convective heat transfer
coefficient, the aluminum area exposed to the external air and the mean
temperature at the external fuselage surface. The aluminum area can be
approximated as 0.1 m? and ¢p,s was calculated as 765 W. The conductive
thermal resistance from the external aluminum area to the location where
condensation occurs within the fuselage heat sink is unimportant, and
therefore T, can be approximated as the average temperature between
the fuselage inlet and outlet manifolds. T* is a characteristic temperature
of the air stream and, as recommended in the ASHRAE handbook [15],
it is defined as:

o Taw + T
B 2
where T4 is the adiabatic wall temperature or recovery temperature on
the outer fuselage, which should be higher than the static air temperature
(T ) due to the ram effect during flight; see Zhang et al. [14]. Therefore,
Taw can be evaluated as:

T* +0.22(Taw — Too); (3.4)

1
Taw = Too (1 4 7«72M2) : (3.5)

r = Prt/3; (3.6)

where r is the recovery factor for the turbulent boundary layer, v the
ratio of the specific heats, M is the aircraft Mach number, and Pr the
Prandtl number. Values for the air properties as a function of height can
be obtained from Cengel and Boles [42], and the aircraft instrumentation
measurements of T, are given in Fig. 22.

An estimation of the coefficient h is provided in Fig. 31. The
effect of altitude on the heat transfer coefficient is evaluated for a Mach
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number of 0.78 in the time period between 0.5 h and 1 h. The altitude and
the air static temperature are also given together with the temperatures
in the fuselage inlet and outlet manifolds (points Q and R).
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Figure 31 — Effects of altitude on the fuselage heat transfer coefficient for a
Mach number of 0.78. Squares, triangles and circles stand for temperatures,
and diamonds denote the heat transfer coefficient (LHS Y-axis). The solid line
stand for altitude (RHS Y-axis).

It can be noted that the heat transfer coefficient drops from
155 W/(m?K) at an altitude of 9 km to 97 W/(m?K) at 12 km. In the
computations of h via Egs. (3.3) to (3.6), the uncertainty in A is most
dependent on the heat input uncertainty, which was observed to be 3%.
Error propagation for the heat transfer coefficient indicates uncertainties
of order £6 W/(m?K). The reduction in & is a direct consequence of
the decrease in the air density. At an altitude of 9 km the air density
is 0.467 kg/m? and at 12 km it is 0.312 kg/m3. The mass density ra-
tio, pokm/pPiokm, is approximately 1.5, while the ratio hom/hiokm is
1.6. Notice that both the static air temperature and the heat transfer
coefficient decrease with increasing altitude (see Fig. 31). The variation
of the heat removal capacity for a given fuselage condenser area, hAAT,
is to a certain extent kept constant. The reduction on h is balanced by
the increase in temperature difference between the fuselage and static air,
AT.

The coefficient h can be estimated from the formula recommended
by the ASHRAE handbook [15]:

hy = 0.185pc,u (log Re,) 2% pr=2/3, (3.7)
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Re, = 22, (3.8)
“

where h, is the local convective heat transfer coefficient at a distance
z from the aircraft nose, ¢, the specific heat at constant pressure, u
the aircraft speed, Re, the local Reynolds number, and g the dynamic
viscosity. Eq. (3.7) is only valid for 107 < Re, < 10%. Taking = as 17 m,
estimates of & for 9 Km and 12 km are 124 W/(m?K) and 108 W/(m?K),
respectively. Note that the dynamic viscosity, for 9 km and 12 km, corre-
sponds, respectively, to 1.493-107° kg/(m-s) and to 1.422-1075 kg/(m's).
The ratio pokm/t12km is 1.049 and hence the effect of p on h is not
expected to be as relevant as the effect of mass density. Computations
of h were performed with air properties given with static temperature
equal to -35 °C at 9 km and to -56 °C at 12 km. The ASHRAE procedure
can therefore be used as a first-order approximation; however, a decrease
proportion to the mass density ratio is expected. Note that the ratio,
hokm/h12km, for these estimations yields 1.15.

3.4.3 Ground results

3.4.3.1 Temperature distribution

The thermal performance of the heat exchanger prototype was
evaluated on the ground and the results of this study are shown in
this section. The following test conditions were selected: the external
aluminum heat transfer area of the fuselage heat sink was exposed to
ambient air at 27 2C and cooled by natural convection; the input power to
the evaporator, ¢;,, was varied between 0 and 850 W during the ground
test, which lasted 1 h 30 min; the fan pumping power to the AC system
duct was initially off and only activated at 0.5 h; the mean air velocities
were approximately 10 m/s for the period between approximately 0.5 and
1.5 h.

The effects of the input power and ground conditions on the
thermal behavior of the prototype are shown in Figs. 32, 33 and 34.
Temperature measurements taken at several locations of the evaporator
(Fig. 32) and the vapor (Fig. 33) and liquid (Fig. 34) lines are shown on
the LHS Y-axis. The input power is shown on the RHS Y-axis of these
figures.

At time = 0.2 h, the input power, ¢;,, was adjusted to 500 W
and at time ~ 0.4 h it was raised to 850 W. For the period between 0 h
and 0.5 h, both AC and Fus heat sinks were exposed to ambient air and,
consequently, heat was only removed by natural convection. Temperatures
at the evaporator, Fig. 32, and at the vapor lines, Fig. 33, increased from
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Figure 32 — Effect of input power and ground conditions on the evaporator of
the prototype.
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Figure 33 — Effect of input power and ground conditions on the vapor lines of
the prototype.

27 °C to 65 °C in the interval between approximately 0.2 h and 0.5 h.
The thermal resistance of the vapor was low and therefore temperatures
at the evaporator and vapor lines are similar. This behavior continued for
the rest of the experiment, as can be seen by comparing the temperatures
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Figure 34 — Effect of input power and ground conditions on the liquid lines of
the prototype.

in Figs. 32 and 33. At time ~ 0.5 h, the temperatures of the liquid lines
were slightly lower due to the heat removed by the AC and Fus heat sinks
(see Fig. 34).

After a period of 0.5 h, the fan pumping power to the AC system
was provided and air (at a mean velocity of 10 m/s) was blown into the AC
system duct. The g;,, value was readjusted to 300 W during the interval
between 0.5 h and 1.0 h. With these settings, mean temperatures in the
evaporator, vapor lines and Fus liquid line dropped by approximately 5
to 10 °C, while the temperature in the AC outlet manifold exit (point K)
dropped by approximately 50 °C (from 61 to 11 °C). The heat transfer
in the AC system was sufficient to maintain temperature levels in the
prototype evaporator at approximately 50 °C.

After 1.0 h, the ¢;, value was readjusted to 600 W and, at time
~ 1.3 h, to 500 W. Temperature levels in the prototype evaporator were
kept below 60 °C despite the increase in g;,.

3.4.3.2 Heat transfer rates

Air temperature and speed measurements within the AC duct are
shown in Fig. 35. Air speed velocities of approximately 10 m/s occurred
after 0.5 h. When the pumping power was available for the ground tests,
the air stream was blown at 10 °C and left the AC condenser at 13-14 °C.

The heat flux to the AC air stream, g4¢, is computed by Eq. (3.1).
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Figure 35 — Thermal conditions within the air conditioning system. Symbols
stand for temperatures (LHS Y-axis) and the solid line denotes the mean air
velocity in the AC duct inlet (RHS Y-axis), Temperatures in the AC inlet (H)
and outlet manifolds (K) are also shown.

Following the above procedure, an estimation of g4¢ is possible by consid-
ering the T+ and T;, values, shown in Fig. 35 by W and V, respectively.
In the interval between 0.6 h and 1 h, T,,; — T}, was 3 °C and a heat
transfer rate of 255 W was estimated. It can be noted in the RHS Y-axis
of Fig. 32 that the input power amounts to 300 W within this interval
and, therefore, most of the input power to the evaporator was transferred
to the AC duct, as expected. Since the remaining external area of the
prototype is considerable (0.3 m?), heat losses to the environment are
expected. Heat transfer coefficients of approximately 3.5 W/(m?K) have
been reported for natural convection at vertical plates by Raithby and
Hollands [16], while mean heat transfer coefficients for the bottom and
top of horizontal plates of 1.5 and 5 W/(m?K), respectively, were ob-
served by Nellis and Klein [17]. For rough heat transfer modeling, it is
convenient here to assume an h value of 3.5 W/(m?K) for the rest of the
prototype. Temperatures for the evaporator, fuselage vapor and liquid
lines were obtained from Figs. 32, 33 and 34. The ambient temperature
was approximately 27 °C. The heat transfer to the environment by natural
convection was roughly estimated as 35 W. Therefore, the estimation of
qac is reasonable for the time interval between 0.6 and 1 h, since the sum
of heat losses and g4¢ matches the input power within the measurement
error.
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The assessment of the mean heat transfer coefficients for the AC
system is not a straightforward procedure. In Fig. 35 it can be noted that
the temperature at the inlet manifold entrance (point H) is approximately
55 °C for the time period between 0.6 and 1 h, while the temperature at
the outlet manifold exit (point K) approaches 16 °C. In this interval, the
air stream velocity (=10 m/s) and the input power (=300 W) did not
vary. Latent and sensible heat were transferred from the AC condenser to
the air stream in the AC duct. It is not possible to compute a mean heat
transfer coefficient through a logarithmic mean temperature difference.
The AC condenser area where condensation occurs is not known. However,
an estimation can be performed by considering the mean temperatures for
the AC condenser and the air stream in the duct, through the expression:

qac = hACAAC (Tcondenser - Tstream) ) (39)

where h and A stand for the heat transfer coefficient and the external area
of the condenser, respectively, the subscript AC denotes air conditioning,
T condenser denotes the mean temperature of the AC system (mean of
points K and H) and T stream stands for the mean temperature of the
air stream (mean of points V and W). Considering gac and A,c values
of 255 W and 0.1 m?, respectively, a rough estimation of the h ¢ value,
approximately 65 W/(m?K) is obtained. Clearly this analysis must be
treated with caution, but the result seems to be of the correct order of
magnitude, as typical heat transfer coefficients for forced convection in
air vary from 10 to 100 W/(m?K); see Refs. [23,24].

3.5 DISCUSSION

The prototype consists of one evaporator connected to two con-
densers in parallel. Independent liquid and vapor lines create two loop-
thermosyphons as observed in Fig. 21. Vacuum is applied in the entire
system and a filling ratio (working fluid volume / evaporator volume)
of 80% ensures that the cartridge heater is immersed in the working
fluid with the evaporator positioned horizontally. The heat flux to the
evaporator promotes high temperatures and pressures. Vapor is formed
at the top of the evaporator. The heat sink conditions (temperatures and
heat transfer coefficients) control the vapor flow within the prototype.
In-flight, the fuselage heat sink presents lower temperatures and higher
heat transfer coefficients than the air conditioning heat sink (differences
between heat sink temperatures in-flight can be as high as 100 °C). In this
circumstance, vapor flows preferentially to the fuselage condenser owing
to the low pressure created at this condenser. The difference between
evaporator and air conditioning pressures is low, reducing vapor flux
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to this condenser and hence reducing the heat removal capacity there.
On ground, there is an opposite trend: the air conditioning heat sink
presents lower temperatures and higher heat transfer coefficients than the
fuselage heat sink. In this circumstance, vapor flows preferentially to the
air conditioning condenser owing to the low pressure created there. The
difference between evaporator and fuselage condenser pressures is low,
reducing vapor flux to the fuselage. Natural convection acts externally to
the fuselage condenser. It is concluded (and shown experimentally) that
the system is self-regulated. Although the insertion of valves (which is
commented at the patent [13]) could avoid the use of the air conditioning
heat sink during flight (which is an expensive heat sink), it is shown that
most of the heat input (approximately 90%) is removed from the proto-
type at the fuselage. In addition, the use of valves can impose difficulties
in the manufacturing process, facilitating working fluid leakage.

Changes in the roll angle, angular velocities (pitch, yaw and
roll rates) and aircraft acceleration were shown to have little effect on
the thermal behavior of the prototype when the flight attitude is varied
within a range and over a timescale characteristic of commercial flights,
as described above. Note in Fig. 26 that the aircraft was accelerated in z-
direction in the range -0.8g to 0.25g (coordinates as given in Fig. 23). Once
the prototype start-up occurs (approximately 300 W), heat is efficiently
transported towards the heat sinks. The prototype thermal resistance
(which is not affected by characteristic accelerations of a commercial
flight) is negligible once startup occurs. The high thermal resistance of
the insulation applied over the evaporator assures that the evaporator
heat losses are very small, so that the applied heat is able to reach the
condenser. The prototype performance is therefore mostly subjected to the
heat sink conditions (namely, temperature and heat transfer coefficients),
which cannot be reproduced in laboratory environment.

Therefore, for practical purposes, the gravity effect can be ne-
glected in a prototype thermal resistance model. Only the effect of the
heat sinks is of primary importance on the prototype performance. How-
ever, the pitch angle can affect the heat transfer performance of the
prototype, as observed during the take off. The temperature increase at a
rate of 18 °C/min in certain areas of the evaporator could damage electro-
electronic equipment, which requires constant refrigeration. Therefore, the
evaporator must be designed to be flooded at the input heat region, for
any attitude angle occurring during the flight. Note that limit operating
temperatures of electrical-electronic avionic devices approximately ranges
between 70 and 100 °C. Temperature records in Figs. 27 and 32 confirm
that temperature requisites of avionics are satisfied and so the actual
design is suitable for avionics cooling either at ground or in-flight.
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To the best of our knowledge, passive heat pipe technology has
never been tested in circumstances where freezing can occur within a
thermosyphon, especially considering aerospace applications. When the
voltage supply was turned off during the flight, freezing was noted in
the fuselage circuit. When the input power was adjusted to 400 W,
the possibility of a sharp temperature increase at the evaporator was
a concern. The loop-thermosyphon tested showed negligible thermal
resistance when melting and evaporation occurred at the condenser and
evaporator, respectively, under the design constraints. It is possible that
heat removal at the fuselage condenser could be reduced due to the vapor
flow being obstructed by the presence of ice, increasing the temperatures
of the evaporator and vapor lines. This could lead to the electro-electronic
equipment connected to the evaporator base being damaged. However,
freezing of the working fluid at the fuselage condenser did not promote high
temperatures in the evaporator or malfunctioning of the heat exchanger for
low input power (/=400 W) and the period involved (/12 min). Increasing
the input power to 600 W allowed the evaporator and the fuselage
condenser to work as a stable loop-thermosyphon once more.

Structural failure was also a concern during freezing. Due to
safety requisites, local stresses resulting from water solidification should
not damage the copper pipes. The internal volume of the heat exchanger
is filled on the ground with water in the liquid phase, which occupies only
a fraction of the evaporator volume. The vapor lines and condensers are
mostly occupied with vapor. Therefore, the propagation of solidification
can easily be directed to the pipe in a streamwise direction in cases
where the entire cross-section at a given fuselage location is completely
frozen. Vapor does not offer significant resistance to ice propagation.
This is expected to ensure that local damage of the copper pipes at the
fuselage does not occur. Besides avoiding a significant pressure drop, the
selection of copper pipes with a relatively large diameter (e.g > 20 mm)
can avoid complete freezing for a given pipe cross-section. Once the ice
layer increases towards the pipe center, the freezing process is slowed
by the poor heat conduction through ice. It is not trivial to analyze
the process above with classical Neumann problems for heat conduction
and to compute a typical timescale for the ice front propagation (Cheng
and Seki [43] and Cho and Sunderland [44]), because water melting,
vaporization, condensation and solidification occur simultaneously, and
the boundary conditions at two-phase fronts are unknown. Therefore,
freezing conditions were previously tested in the laboratory to assure
structural and thermal consistency.

Convective heat transfer coefficients were estimated for the air
conditioning on the ground and on the outside of the fuselage at high
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altitudes (e.g. 10 km above sea level) for a Mach number of approximately
0.78. The hpys value was found to be 2 to 3 times higher than the hac
value for mean air velocities of ~ 10 m/s within the AC system duct.
When the pumping power was applied in the ground tests, the air stream
was blown at 10 °C. At altitudes of 10 km, static air temperatures can
be lower than -50 °C and therefore air streams as hot as 50 °C can be
blown into the cabin duct through the air conditioning system to keep
the cabin environment under comfortable thermal conditions. Intensive
refrigeration through the AC system was not possible at high altitudes,
due to the prototype AC condenser limitations. The heat transfer is
governed by the heat transfer coefficient and by the mean temperature
difference between the air streams and the surfaces of both condensers.
Thus, it can be concluded that the heat removal capacity of the fuselage
heat sink is largely dominant during the flight, representing over 90%
of the input power, when the mean temperature of each condenser is
approximately 60 °C.

3.6 SUMMARY AND CONCLUDING REMARKS

A cooling system prototype was tested in an aircraft on the
ground and on an experimental flight, which included conventional
commercial flight maneuvers. The heat exchanger prototype consists
of loop-thermosyphons with two condensers and a common evaporator.
An electrical resistance cartridge inserted in the evaporator simulated
the heat transfer from ordinary aircraft cabin electronic equipment. The
air conditioning system and the fuselage served as heat sinks for the
condensers.

True aircraft air speeds of up to 878 km/h were registered,
corresponding to a flight Mach number of 0.78, at 8 km above sea level.
The aircraft speed varied above this height to keep the Mach number
roughly the same. Static air temperatures of approximately -56 °C were
reached at 12 km of altitude. Input powers of up to 850 W were applied
to the evaporator. The flight time was 2 h 30 min and tests on the ground
lasted 1 h 30 min. On the ground and at low altitudes, the air stream
temperatures within the air conditioning system ranged between 10 °C
and 15 °C. At high altitudes, air streams of 50 °C can be admitted into
the air duct with speeds of ~10 m/s.

The main conclusions of this study are:

e The prototype is able to promote the refrigeration of heat sources,
such as electronic equipment, in the aircraft cabin air on the ground
or in-flight by means of a non-hazardous refrigerant, such as water.
In-flight, the heat removal capacity of the fuselage heat sink is



85

largely dominant (over 90%). Therefore, the tested technology can
improve the aircraft refrigeration capacity by reducing the cooling
loads of the aircraft air conditioning system.

Passive heat pipe technology can work efficiently in circumstances
where freezing of the refrigerant can occur. Freezing of the working
fluid at the fuselage condenser did not promote high temperatures
in the evaporator or any structural failure.

Variations in the roll angle, angular velocities (pitch, yaw and roll
rates) and aircraft acceleration characteristic of commercial flights
were shown to have little effect on the thermal behavior of the
prototype, with the exception of the pitch angle.

For the external side of the fuselage, the convective heat transfer
coefficients at high altitudes (e.g. 10 km above sea level) can be
2 to 3 times higher than those observed for the air conditioning
system, when the mean velocity of the air blown into the duct is
approximately 10 m/s. The mean temperature difference between
the air stream and the condenser surface can be 10 times greater at
the fuselage. Therefore, it can be concluded that the heat removal
capacity of the fuselage heat sink is largely dominant during the
flight.

The convective heat transfer coefficient at the fuselage reduced
linearly from a height of 9 km to 12 km, due to the decrease in air
density. The application of the heat exchanger system with only
the fuselage condenser can be alternatively used to determine heat
transfer coefficients with precision, replacing flat plate correlations
commonly used in aerospace applications; e.g. ASHRAE handbook
procedure [15].
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4 GEYSER BOILING PHENOMENON IN TWO-
PHASE CLOSED LOOP-THERMOSYPHONS

The content of this chapter is based on the following manuscript:

« TECCHIO, C.; OLIVEIRA, J. L. G.; PAIVA, K. V.; MANTELLI, M.
B. H.; GANDOLFI, R.; RIBEIRO, L. G. S. Geyser Boiling in Two-
Phase Closed Loop-Thermosyphons. Submitted to: International
Journal of Heat and Mass Transfer, in November, 10, 2016.

4.1 INTRODUCTION

Although still not mentioned in the results reported in Chapters
2 and 3, a particular unstable phenomenon, known as geyser boiling, was
observed at the heat exchanger setup during the experiments in certain
working conditions. This instability is related to abrupt vapor expansion
that occurs within the thermosyphon evaporator, characterized by long
periods of quietness followed by scattered, sudden and blistering vapor
nucleation. Typically, the average geyser frequency is lower than 0.1 Hz
and the bubbles have the size of the tube inner diameter [45]. During the
experiments, geyser occurrence was inferred by noteworthy vibration of
the evaporator structure due to the vapor expansion impact on the tube
end caps.

Geyser boiling may be observed in different thermosyphon ar-
rangements. An attempt to distinguish geyser boiling phenomenon in
axial conventional and loop-thermosyphons is performed with the aid of
Figs. 36 and 37. Vapor bubbles are formed at the evaporator wall when
the liquid pool becomes superheated. In conventional thermosyphons a
bubble, which dimensions are of the order of the pipe inner diameter,
abruptly leaves the evaporator towards the condenser after detachment.
Liquid on the bubble top is propelled towards the condenser end. A char-
acteristic sound is produced owing to the liquid impact at the condenser
end cap. The liquid is then cooled and flows back to the evaporator.

In loop-thermosyphons, the geyser boiling phenomenon can be
affected by several aspects such as the evaporator geometry, the evaporator
location in the two-phase flow circuit and the amount of working fluid.
Here, emphasis is provided to cases where the evaporator dimensions are
larger than the pipeline diameter of the adiabatic region and the liquid
fills the evaporator container partially. In these cases, the propelled liquid
mainly collapses at evaporator walls and it is entrapped there. Coalescence
of bubbles prior to detachment can play an important role [46]. The geyser
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boiling effects on the condenser and adiabatic lines are dependent on the
loop geometry and boundary conditions.
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Figure 36 — [llustration of the geyser boiling phenomena within a typical coaxial
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According to Jafari et al. [48], in general sense, there are no
restrictions on thermosyphon thermal performance due to geyser boiling
phenomenon. However, it must be avoided in order to prevent prema-
ture failure since structural vibrations induced by geysering occurrence
can damage welding points, promoting vacuum leakage. Bezrodnyi and
Beloivan [49] suggested performance limitations of thermosyphons with
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high amount of working fluid. In this chapter an experimental analy-
sis of geyser boiling phenomenon is conducted in the two-phase closed
loop-thermosyphons presented in Section 2.3.

This study aims to investigate the effects of variable thermal
conditions in both condensers, filling ratio, heat flux and vapor pressure
on geyser boiling phenomenon. The thermal behavior of each condenser
is analyzed with and without geyser occurrence in the evaporator. A
criterion for geyser boiling occurrence is established based on abrupt
oscillations in vapor pressure within the adiabatic line. Acceleration
measurements of the evaporator axial axis allow to evaluate the geyser
boiling influence on evaporator structural vibration.

The present study is motivated as follows:

o To the best of our knowledge geyser boiling phenomenon has been
only analyzed by thermal aspects. However, the main concern during
geyser boiling occurrence is the device structural integrity. High
frequency and amplitude vibrations can induce the device failure by
damaging junctions such as welding points. The present work aims
to quantify the geyser boiling influence on the evaporator vibration;

o Evaluation of the geyser boiling phenomenon in a wide range of
operating thermal conditions was poorly investigated. Particularly,
results are unknown for large temperature differences (e.g. 60 °C)
along the heat pipe investigated;

e Most of previous investigations studied geysering effects in straight
or coaxial thermosyphons. However, geyser boiling on complex
geometries such as loop-thermosyphons was never extensively in-
vestigated. As a consequence, the results reported herein can differ
from usual geyser boiling studies, as the vapor expulsion is directly
propelled to the condenser section.

4.2 LITERATURE REVIEW

Geyser boiling effects on thermosyphons have been studied even
before Boure et al. [50] used the term geysering for periodical rapid
expulsions of a boiling liquid and its vapor in a tube. Griffith [51], for
example, already studied geysering phenomenon characterized by cycles
of a quiet condition and violent vapor expulsion at the liquid surface
level. In this study, the main scientific contributions are summarized for
two-phase closed and evacuated thermosyphons.

Casarosa et al. [52] evaluated the geyser boiling effects in con-
ventional thermosyphons positioned vertically. The frequency of geyser
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occurrence was shown to increase with increasing heat flux in the evapora-
tor at a nearly constant condenser pressure. However, in these conditions,
the geyser intensity remained almost constant. Moreover, they found
that by keeping the heat flux constant and by increasing the condenser
pressure, the geyser occurrence falls progressively until it disappears
completely.

The critical heat flux in thermosyphons, considering developed
boiling and the geyser effect, was studied by Imura et al. [563]. They
proposed an equation for the ideal filling ratio (FR), according to the
magnitude of the critical heat flux and the operating conditions. An
optimum FR between 0.18 and 0.22 was reported. Larkin [54], Imura [55]
and Harada et al. [56] also suggested similar ranges, as ideal filling ratios.

Niro and Beretta [45] presented experimental results and an ana-
lytical model for boiling regimes in thermosyphons. Unsteady operation
occurred when the prototype was filled with medium and large working
fluid quantities. Bubble dimensions mainly relied on liquid superheating
and vapor mass density. The authors classified the boiling regime based
on the bubble nucleation frequency and on the ratio of bubble to device
diameter.

The experimental study conducted by Mantelli et al. [57] showed
geyser boiling occurrence in thermosyphons developed for bakery oven
applications. Results indicated that geyser boiling period decreases with
increasing heat flux at the evaporator. A noteworthy physical discussion of
how geyser boiling affects the temperature field along the thermosyphon
is provided by the authors. The phenomenon has been widely noted in
conventional thermosyphons mainly during the start-up.

Lin et al. [58] investigated geyser boiling effects in vertical annular
thermosyphons. Their experimental results indicated that the geyser
boiling phenomenon occurs more frequently with high heat loads, short
evaporator lengths and small filling ratios. The amplitude of temperature
oscillations decreased with decreasing evaporation length and filling ratios.
The geyser boiling period was reduced for low condenser temperatures.

By using a thermosyphon made of glass to allow two-phase flow
visualization, Kuncoro et al. [59] revealed that the temperature field
within the setup may play an important role on geyser boiling occurrence.
When the superheated liquid is the driving force for geyser onset, the
phenomenon may still occur even with an increase in the evaporator
pressure.

The effects of filling ratio, thermosyphon inclination and coolant
mass flow rate on geyser boiling characteristics were investigated by
Emami et al. [60]. They observed that the geyser period as well as the
temperature oscillation amplitude in the condenser end cap were reduced
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by decreasing the thermosyphon inclination angle regarding the horizontal
axis. Moreover, geyser did not occur for inclination angles less than 15.
With increasing filling ratio the temperature oscillation magnitude was
increased. They state that coolant mass flow rate in the jacket device
show unimportant effect on geyser boiling phenomenon.

Khazaee et al. [61] conducted a series of experiments to investi-
gate the influence of many parameters on geyser boiling. Methanol was
chosen as the working fluid. They observed that geyser boiling frequency
increased with increasing heat load and aspect ratio (defined as the ratio
of evaporator length to inside pipe diameter) and decreased with increas-
ing filling ratio. A correlation for the period of geyser boiling phenomenon
was proposed based on their experimental data.

More recently, a three-dimensional numerical study was per-
formed by Jouhara et al. [62] in order to predict the geyser boiling
phenomenon within a thermosyphon. They used the volume of fluid
(VOF) model and user defined functions (UDF’s) to add source terms in
the flow governing equations. Their numerical results allowed a visualiza-
tion of the complex two-phase flow during the geyser boiling occurrence.
A similar two-phase behavior during geyser occurrence was experimentally
observed by Chen et al. [46].

4.3 EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental setup consists of loop-thermosyphons with two
parallel condensers and a common evaporator, as already presented in
Chapter 2, Section 2.3. For the sake of brevity, the setup description and
working principle are not repeated here. The prototype was instrumented
as illustrated in Fig. 38. Red dots numbered from 2 to 9 indicate thermo-
couple positions. The evaporator temperature, Tewp, is a mean value of
several measurement points along the evaporator.

The mean velocity at the air duct is denoted by vac. Inlet
and outlet air duct temperatures are represented by T'4c in and Tac, out,
respectively. The heat transfer coefficient in the Fus-condenser is adjusted
by setting different thermal bath temperatures, Ty, and coolant mass
flow rates, . The fluid temperatures at the calorimeter entrance and
exit are denoted by Trys,in and Trys out, in that order. Water is used
as refrigerant fluid for Ty, > 0 °C, whereas ethyl alcohol is used for
Ty < 0 °C. When 7 is set to 0.000 kg/s, heat exchange by natural
convection occurs between the calorimeter and the ambient air, whose
temperature is kept at approximately 25 °C.

The prototype instrumentation is similar to that description
given in Chapter 2, Section 2.3, and for this reason it will not be repeated
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Figure 38 — Illustration of loop-thermosyphons prototype with AC- and Fus-
condensers in parallel sharing the same evaporator. Red dots indicate tem-
perature measurements by thermocouples (T'C). Dimensions are shown in
millimeters.

here. In order to investigate the geyser boiling effects on the prototype
structural integrity, a Briiel & Kjaer type 4517 accelerometer was used
to measure the evaporator acceleration. Previous experiments performed
by Oliveira et al. [63,64] indicate that noteworthy evaporator vibrations
can occur due to geyser occurrence in the evaporator, particularly in its
axial direction. The accelerometer was positioned in the evaporator left
face (see point O in Fig. 39). The acceleration signal is measured along
the AB axis with the aim of evaluating the main trend of the evaporator
vibration. The accelerometer frequency and measuring range are 1 Hz to
20 kHz and 44900 m/s? peak, respectively.

Experiments were performed as follows. The prototype was tested
under 15 different conditions as summarized in Table 5. The cooling fluid
temperature was adjusted at the calorimeter heat sink by ranging T3,
from 40 to -20 °C and 7 from 0.000 to 0.040 kg/s. Mean air velocities of
up to 6.1 m/s were reached at the AC entrance with temperature Tac in
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Accelerometer Evaporator right face

Evaporator left face

Figure 39 — Accelerometer located at point O in the evaporator left-face measures
the structure accelerations along the AB axial axis. Positive accelerations are
in direction OA and negative, OB.

kept at approximately 25 °C. Input power ranged from 100 to 850 W
with increments of 150 W. Each input power step was kept constant
during 30 min and then increased. Natural convection occurred at the
AC-condenser for cases C1, C2, C3, C4 and C13 (see that v4c = 0.0 m/s).
Forced convection at the AC-condenser and natural convection at the
Fus-condenser took place in cases C14 and C15. In cases C5 to C12,
heat was removed by forced convection from both condenser by varying
the mean air velocity at the AC-condenser and the mass flow rate of
the coolant fluid at the Fus-condenser. Filling ratios of 0.5 and 0.9 were
employed. As it will be shown in the next section, cases Cl to C13
represent loop-thermosyphons working in quasi-steady regime, whereas,
in cases C14 and C15, a transient behavior is observed.

4.4 RESULTS
4.4.1 Identification of geyser boiling occurrence

In order to identify the geyser boiling occurrence within the
evaporator, the pressure rate acting in the adiabatic lines, G(¢), defined
as:

G(t) = % [psat(Tv)] ) (41)

was evaluated. In this expression, the RHS of Eq. (4.1) is the time-
variation of the saturated vapor pressure, ps.:, at the adiabatic tube
temperature (T),). It is assumed that T, corresponds to the thermocouple
measurements at TC2 (see Fig. 38).

The choice of the adiabatic line instead of the evaporator to
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Table 5 — Summary of experiments. The input power was raised from 100 to
850 W with increments of 150 W.

Calorimeter settings

Working
Case vac(m/s) r(kg/s) T (°C) Coolant Fluid FR Condition
C1 0.0 0.040 40 water 0.5
C2 0.0 0.040 20 water 0.5
C3 0.0 0.021 0 alcohol 0.5
C4 0.0 0.017 -20 alcohol 0.5
C5 3.8 0.040 40 water 0.5
C6 3.8 0.040 20 water 0.5
cr 3.8 0.021 0 alcohol 0.5  Quasi-Steady
C8 3.8 0.017 -20 alcohol 0.5 Regime
Cc9 6.1 0.040 40 water 0.5
C10 6.1 0.040 20 water 0.5
C11 6.1 0.021 0 alcohol 0.5
C12 6.1 0.017 -20 alcohol 0.5
C13 0.0 0.040 40 water 0.9
Cl14 3.8 0.000 25 ambient air 0.5 Unsteady
C15 6.1 0.000 25 ambient air 0.5 Regime

evaluate G(t) is justified because, as the temperature histories at different
locations on the evaporator wall are not similar, different mean and
fluctuating temperature values are observed. In Fig. 40, five temperature
histories (A, B, C, D and E, for thermocouples located at different
positions, see evaporator schematic in Fig. 40) are presented for case
C1. Therefore, analysis of the temperature field within the evaporator is
rather complex: liquid and vapor phases can occur at the same location
in different time-steps affecting the temperature history. Besides, the
vapor temperature in the adiabatic section usually characterizes the
thermosyphon (and other heat pipe related technology) as stated in
Mantelli [65]. So, the geyser boiling analysis in the present prototype
is evaluated using the temperature measurements in the adiabatic line,
where, actually, liquid is hardly expected.

When geyser boiling occurs within the evaporator, vapor mass
flux is abruptly increased in every adiabatic line entrance, yielding a
dynamic pressure behavior. Fig. 41a shows a typical behavior of psq:(T%)
at the adiabatic line. The sudden increase in pgq¢(7T,) at time ~ 72.4 and
73.6 min promotes pressure rates, A[pgq:(Ty)]/At, up to 350 Pa/s and
is characteristic of geyser boiling occurrence. Minor pressure rates do
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Figure 41 — a) Vapor pressure at adiabatic line and b) pressure rate for ¢;n, =
0.4 kW in case Cl1.

not represent abrupt vapor expansion and therefore are not considered
geysering phenomenon, as, for example observed at time ~ 71.6 min,
where the pressure rate is 9.2 Pa/s. The geyser boiling occurrence is
then characterized by sharp peaks in time of pyq: (7T, ), which is clearly
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indicated by the G(t) function in Fig. 41b. In previous works concerning
conventional thermosyphons, the magnitude of psq:(7T,) was sufficient
to explain geyser boiling phenomenon. In the present case, the change
in time of psqt(Ty), G(t), is also necessary for a systematic and more
accurate analysis.

4.4.2 Loop-thermosyphons in quasi-steady regime

Results for case C1 are presented in Fig. 42. The bath tempera-
ture is set to 40 °C, whereas natural convection acts in the AC-condenser;
vac = 0.0 m/s. Input power is shown in the RHS ranging from 0.1 to
0.85 kW with increments of 0.15 kW. In the LHS prototype temperatures,
pressure rate, G(t), and evaporator acceleration, a(t), are shown in Figs.
42a, 42b and 42c, respectively.

In Fig. 42a, the increase in Teyqp from 24 to 45 °C is roughly
linear during the first input power level (g;;,, = 0.1 kW). The sharp
increase in Tygiqep at time &~ 20 min indicates the system startup. For
Qin > 0.1 kW, Tewp and T, 4:q5 show an increase rate less than 0.2 °C/min
for a given input power, indicating a quasi-steady regime. The peaks in
G(t) indicate the occurrence of geyser boiling phenomenon; see Fig. 42b.
However, the first peak at time &~ 20 min occurs during the system startup
and therefore does not represent quasi-steady state geyser occurrence.
Although absolute pressure rates, |G(¢)|, below 0.25 kPa/s are dominant,
|G(t)] over 0.5 kPa/s occur for g;, > 0.55 kW. The maximum value of
|G(t)| is approximately 1.1 kPa/s when ¢;, = 0.85 kW.

The evaporator accelerations induced by geyser phenomenon
are presented in the LHS of Fig. 42c. The peaks in a(t) ranging from
-9.9 to 111 m/s? occur for 0.55 < ¢;,[kW] < 0.7. Acceleration sign is in
accordance to Fig. 39. Significant values of |a(t)|, over 2 m/s?, only occur
if |G(t)| is higher than approximately 0.1 kPa/s. This thresholding in
|G(t)| is therefore used as a reference for geyser boiling occurrence for the
present work and loop geometry. One should note that other geyser boiling
definitions can be adopted to other geometries and operation conditions.
Note, however, that unimportant evaporator accelerations happen for
elevated values of |G(t)| in most of the experiment. For example, at time
t ~ 175 min, |a(t)] is 0.1 m/s? with |G(¢)| 1.1 kPa/s. It is speculated that
the increase in vapor mass flux at the evaporator can usually achieve the
adiabatic lines. This can yield the fluctuation of G(t), but not necessarily
the evaporator acceleration. To accelerate (shake) the evaporator casing,
the momentum transfer from the bubbles movement to the liquid pool
must be high enough to surpass the evaporator structural inertia. This
remark is further discussed in Section 4.5.1.
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The maximum axial velocity of the evaporator structure at the
acceleration peak, v,4z, is obtained by:
to+At
Umaz = / a(t)dt; (4.2)
to

where t is the time when the peak in acceleration is initiated and At is the
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time interval, typically 1 second. In case C1, |a(t)|maz i approximately
111 m/s2 at t /&~ 128 min whereas v,,q, corresponds to 33.4 m/s.

The time-histories of G(t) and a(t) are shown in Fig. 43 for case
C4. Similarly to case C1 natural convection occurs at the AC-condenser,
whereas heat is removed from the Fus-condenser by forced convection. The
thermal bath temperature is set to -20 °C. The temperature measurements
in the evaporator and in the adiabatic lines in cases C1 and C4 are
qualitatively similar to those observed in Fig. 42a and do not yield
new information. Peaks in G(¢) in case C4 are mainly meaningful with
Qin > 0.4 KW (see Fig. 43a). G(t) reaches 1.1 kPa/s at time ~ 97 min.
Nevertheless, significant vibrations of the evaporator are not observed:
|a(t)|maz is 1 m/s? at time ~ 92 min corresponding to v,nq, of 1 m/s.
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Figure 43 — Effect of input power on the a) G(t) and b) a(t) for case C4.

The main features of geyser boiling phenomenon when loop-
thermosyphons work in quasi-steady regime (cases C1 to C13) are sum-
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marized in Table 6. The maximum values of acceleration and pressure
rate, |amaz| and G(t)maz, are presented together with the experimental
settings (G(t)® and ¢f,) for the first geyser boiling occurrence and G (t)%
and ¢% for the maximum acceleration.

In cases C1 to C12, G(t)® ranged from 0.12 to 0.85 kPa/s and
the first geyser boiling occurrences were observed when ¢?, was set to
250 or 400 W, respectively. Noteworthy, evaporator accelerations ranged
from 35.2 to 113.4 m/s? and occurred in cases C1, C2, C5 and C6. G(t)%
ranged from 0.45 to 1.14 kPa/s, for ¢% > 400 W when |aq.| occurred.
The heat sink performances of tests C1, C2, C5 and C6 presented different
hydrodynamic behaviors when the loop-thermosyphons worked in quasi-
steady regime; this remark will be analyzed in Section 4.5.1. Although
typical values of G(t)mqzr are 1.1 kPa/s, values as high as 6.51 kPa/s were
observed for case C5. One should note, in Table 6, that values of G(t)maz
do not necessarily correspond to |amaz|-

4.4.2.1 Effect of filling ratio on geyser boiling

The effect of filling ratio (FR) on geyser boiling phenomenon
is investigated, analyzing the behavior of cases C1 and C13 data. With
exception of case C13, where the FR was 0.9, all the other tested config-
urations presented FR of 0.5. The other conditions for C13 were set at
the same level as in case C1 (see Table 5). The time-histories of G(¢) and
a(t) for case C13 are shown in Figs. 44a and 44b, respectively.

Geyser boiling occurred with low input power when FR=0.9.
Values of G(t) up to 0.75 kPa/s were noted with ¢;, = 0.1 kW. For
Gin > 0.4 kW, magnitude of G(t) was as high as 1.6 kPa/s. The geyser
frequency increased with increasing filling ratio; compare Figs. 44a and
42b where the number of occurrences of G(t) > 0.1 kPa/s increased in case
C13. Accelerations occurred for g, > 0.25 kW with higher magnitudes
and frequencies; compare Fig. 44b and 42c. As depicted in Table 6 |amaz]
increased by a factor 10 when the FR was increased from 0.5 to 0.9.
Increasing FR the amount of liquid available to be thrown against the
evaporator walls also increases, yielding |@mqz| up to 1080 m/s2.

4.4.3 Loop-thermosyphons in transient regime

In cases C14 and C15, the loop-thermosyphons work in transient
regime. Tavap and Ty giqp show an increase rate higher than 0.2 °C/min for
a given input power, indicating an unsteady working condition. Heat is
removed from AC- and Fus-condensers by forced and natural convection,
respectively; see Table 5.



Table 6 — Main features of geyser boiling phenomenon for loop-thermosyphons working in quasi-steady
regime (C1-C13).

Case  G(t)" [kPa/s| g, (W] |amao| [m/s?]  G()" [kPa/s] q¢f} W]  G(t)maa [kPa/s]

C1 0.12 250 110.7 0.45 700 1.10
C2 0.79 400 113.4 0.84 400 1.31
C3 0.85 400 1.1 0.65 550 1.14
C4 0.24 400 1.0 0.95 550 1.10
C5 0.33 250 35.2 1.14 850 6.51
C6 0.13 400 41.6 0.63 850 1.00
c7 0.34 400 3.4 0.81 850 0.83
C8 0.25 400 1.6 0.61 550 1.22
C9 0.68 250 7.6 0.70 850 1.12
C10 0.44 250 5.4 0.80 850 1.22
C11 0.83 400 3.6 0.84 850 1.11
C12 0.29 250 24 0.63 400 1.27
C13# 0.25 100 1080.0 0.73 400 1.61

¢ Experimental settings for the first geyser boiling occurrence.
* Experimental settings in |amaz|-
" Filling ratio was increased from 0.5 to 0.9 in case C13.

00T
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Figure 44 — Effect of input power on a) the pressure rate G(t) and b) the
evaporator acceleration a(t) for case C13 (FR=0.9).

In Figs. 45 and 46 the temperature histories and G(t) signal for
case C14 are presented, in that order. The temperatures of the evaporator
(Tevap), AC and Fus returning lines (TC6 and TC9), and the outlet
manifolds (TC5 and TCB) (see Fig. 38) are representative of the increasing
temperature behavior of the device in C14 test conditions. Results for
case C15 are similar and, therefore, not shown. Input power ranged from
0.1 to 0.7 kW with increments of 0.15 kW. Due to safety requirements,
tests were interrupted when T's,q, reached 100 °C with g;,, set to 0.7 kW.
It can be observed in Fig. 45 that the temperature distribution on time
becomes roughly linear for ¢;, > 0.25 kW, showing that actually the
system works in unsteady-state. The first geyser boiling occurrence is
identified when G(t) ~ 0.31 kPa/s at time ~ 45 min. Amplitudes of
G(t) are particularly pronounced when g;, is set to 0.4 kW, reaching
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154 —— I
—co Case Cl14 Lo

qin
T 1,04 L 0,55 s
£ 3
@ L o]
3 040 &
o %7 :
% L 0,25 §.
g £

o
[=)
1
T
o
=
[S)

: T T T T T T T
0 30 60 90 120

Time, [min]
Figure 46 — Transient effect on pressure rate, G(t), for case C14.

approximately 1.1 kPa/s. Reduction of G(t) occurs for ¢ > 65 min.

The main features of geyser boiling phenomenon when the system
works in unsteady regime are summarized in Table 7. Although G(t) >
1 kPa/s occur within the adiabatic lines, the evaporator accelerations
are small. Note that values of |a,q.| up to 1.3 m/s? were reached. In
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cases C14 and C15, G(t)® is 0.31 and 0.65 kPa/s, respectively, and occurs
with ¢f, = 250 W. Values of G(#)mas can reach up to 1.3 kPa/s. A
vapor pressure analysis will assist explaining these results, as presented
in Section 4.5.2.

Table 7 — Main features of geyser boiling phenomenon for
loop-thermosyphons working in unsteady regime (C14 and
C15).

Case G(t)z [kPa/s] qfn [W] |amax| [m/S2]

Cl14 0.31 250 1.3
C15 0.65 250 1.2
Case G(t)% [kPa/s] q% [W] G(t)mas [kPa/s]
Cl14 0.31 700 1.1
C15 0.25 700 1.3

g Experimental settings for the first geyser boiling occurrence.
* Experimental settings in |amaz|-

4.5 ANALYSIS
4.5.1 Evaporator accelerations induced by geyser boiling

The last section shows results where significant evaporator accel-
erations, i.e. above 10 m/s?, are observed, in a time-scale of approximately
1 second, for cases C1, C2, C5 and C6, for filling ratio of 0.5. These mean-
ingful accelerations were coincidental with values of pressure rate above
0.25 kPa/s. Although the geyser occurrence is presumably associated to
these events, the physical phenomena still need to be elucidated, which is
done with the aid of the analysis of heat sink thermal conditions observed
externally to both condensers.

Temperatures of each condenser pipe-lines are considered con-
stant in this thermal analysis, since condensation occurs in a significant
part of the condensers. The wall temperature at the orifice within the
calorimeter can be approximated by thermocouple measurements at TC4
(see Fig. 38) owing to the negligible conductive thermal resistance of the
aluminum blocks, O(1073), and due to the low heat transfer rates from
the Fus-condenser to air ambient by natural convection. The thermal
resistance associated with natural convection is of order O(10°). This
assumption is not precise at the bottom part of the calorimeter (close to
the outlet manifold) where sensible heat exchange occurs. The surface
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external to the air stream within the duct was nearly the same as the
temperature at point TC7 (AC inlet manifold). This was verified by
thermocouple measurements at the AC-condenser walls not shown in
Fig. 38. Actually, the nearly isothermal condition at the AC-condenser is
particularly noted a few minutes after geyser boiling is initiated.

At this point of the analysis, it is important to define the ratio of
external convective thermal resistances acting on AC- and Fus-condensers,
denoted as Rp ac/Rh, rus- When heat is removed from both condensers
by forced convection (cases C5 to C12), the thermal resistance ratio is
given by:

Rhac _ ATy, ac/qac
Rh,Fus A,I’ln,Fus/uns '

where the heat transfer rate is represented by ¢ and AT}, stands for the
logarithmic mean temperature difference expressed as

(4.3)

/Ti _Tout
Tuw—Tout )
ln < Tw_Tint>
where T,,, T;, and T, stand for temperatures at the wall in contact
with the cooling fluid, inlet and outlet cooling fluid, respectively. Actually,
Tin and Ty stand for the temperatures Tac in and Tac,out at the air
duct, and Tpys,in and Tryscut at the calorimeter; see Section 4.3. Ty,

was estimated as explained above. The heat transfer rates gac and qpys
were determined by energy balances, and so, expressed as

ATy, = (4.4)

q= me (Tout - Tib ) ; (45)

where 7h represents the mass flow rate and ¢, the specific heat at constant
pressure of the cooling fluid.

A heat transfer coefficient for natural convection of 3.5 W/(m?K)
acting at the AC-condenser provides a rough estimation of Rj 4¢ in
cases C1 to C4; see Raithby and Hollands [16]. Here, it is verified that
Qin = Qrys- For quasi-steady cases C1 to C12, the energy balance for the
system, ¢;n, = qac + qrus, was verified and matches with the input power
within experimental uncertainty.

The maximum accelerations, |@mqz|, which occurred for cases C1
to C12 (see Table 6) as a function of the ratio of Ry, ac/Rh, rus are shown
in Fig. 47. Noteworthy evaporator accelerations were only observed for
resistance ratios higher than 150. |a,,q.| increases exponentially with in-
creasing Rj, ac /R, rus for values over 100. The quality of the fitting curve
is demonstrated with a high value of the parameter r?; approximately
0.94.
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The maximum evaporator accelerations became more intense
once the heat transfer at the AC-condenser was negligible as compared to
the one at the Fus-condenser. It is speculated that the vapor flux hardly
achieved the AC-condenser when |am,q,| occurred for Ry ac/Rh, pus OVer
150. With one condenser nearly disabled, intense vapor fluxes characteris-
tic of geyser boiling could only be directed to the Fus-condenser. In cases
where the pressure rate was higher than 0.25 kPa/s, it is possible that
significant vapor produced at the evaporator could not flow towards the
Fus-condenser owing to vapor blockage promoted by liquid content or a
coincidental high pressure acting at the vapor line of the Fus-condenser. If
that was the case, the energy associated with the sudden vapor expansion
would be dissipated in the form of vibration of the evaporator structure.
The description above could explain why high values of G(¢) can occur
with minor evaporator accelerations.

4.5.2 Effects of heat flux and vapor pressure on geyser boiling

The effect of heat flux on geyser boiling can be evaluated by ana-
lyzing the magnitude of G(t)mq. in experiments with loop-thermosyphons
in quasi-steady regime. In Fig. 48, G(t)mq4s is plotted as a function of the
heat flux, ¢” = ¢;n/A, for cases C1 to C4. Experiments C5 to C12 are
similar and therefore not presented.

Values of G(t)maz over 0.1 kPa/s occur when the heat flux, ¢”,
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Figure 48 — Effect of heat flux on the maximum pressure rate, G(¢)max-

is higher than 12.5 kW /m? for case C1 and 20 kW /m? for C2 to C4. With
q” > 25 kW/m? G(t)maz achieves a plateau for the measured heat flux
range. Values of G(t),nq do not overcome 1.1 kPa/s.

The effect of vapor pressure on geyser boiling can be depicted
by comparing the pressure rate in experiments with loop-thermosyphons
in quasi-steady and transient regimes. Cases C1 and C14 are sufficient
for this appraisal. In Fig. 49, values of vapor pressure and G(t) higher
than 0.25 kPa/s are presented as function of time. One should remember
that the input power is raised from 0.1 to 0.85 kW in case C1 and from
0.1 to 0.70 kW in case C14. The heater was turned off in the last case
due to safety requisites.

At time = 45 min the input power is set to 2560 W and the
vapor pressure in the adiabatic lines is roughly 15 kPa in both cases.
With ¢;, set to 700 W and in time =~ 135 min the vapor pressure is
roughly 17 kPa in C1 and 100 kPa in C14. The vapor pressure magnitude
is dependent on the heat sink capacity, which is reduced in C14. Note
that values of G(t) ~ 1.0 kPa/s only occur for vapor pressures less than
25 kPa. The geyser boiling intensity is therefore decreased with increasing
vapor pressure. This results is in accordance to Casarosa et al. [52] who
investigated geyser boiling occurrence in a thermosyphon filled with
water. They noted less pronounced geyser effects for vapor pressures
above 25 kPa.
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Figure 49 — Effect of vapor pressure on geyser boiling occurrence.

4.5.3 Geyser boiling influence on loop-thermosyphon temperatures

The geyser boiling effect on the temperature of condensers and
liquid returning lines is analyzed when the loop-thermosyphons operate
in quasi-steady and transient regimes. Only one experiment is sufficient
to depict the main temperature trends for each regime.

The pressure rate and the evaporator acceleration are presented
in the LHS and RHS of Fig. 50 for quasi-steady case C2. Dashed vertical
lines distinguish three different loop-thermosyphon working conditions
in intervals I1 (50 < ¢[min|< 63.5), 12 (63.5 < t[min]< 71.2) and I3
(71.2 < ¢[min]< 100). The input power ranges from 250 to 550 W for
the given time interval. Geyser boiling and evaporator accelerations do
not occur in the range I1. Values of G(¢) up to 0.8 kPa/s confirm geyser
boiling occurrence in 12, but evaporator accelerations do not happen. In
interval I3 geyser boiling often occurs and occasionally promote significant
evaporator accelerations. Values of a(t) up to 110 m/s? are observed.
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12 and I3 regarding peaking occurrences in G(t) and a(t).
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Figure 51 — Geyser effect on temperatures of the Fus-condenser pipelines for
case C2.

The effects of the temperatures of the liquid returning line (TC6),
inlet (TC3) and outlet (TC5) manifolds on the geyser effect is presented in
Fig. 51 for the pipelines of the Fus-condenser. In interval I1, temperatures
TC3, TC5 and TC6 are constant. In interval 12 peaks in G(t) of approxi-
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Figure 52 — Geyser effect on temperatures of the AC-condenser pipelines for
case C2.

mately 0.8 kPa/s are coincident with the increase in temperature TC3 of
1.5 °C. TC5 and TC6 temperatures do not show important oscillations in
I2. Peaks in G(t) are also coincident to the increase in temperature TC3
for interval 13, whereas TC5 is slightly modified. A new feature occurs
in interval I3: the abrupt raise in temperature TC6 of 7 °C at the liquid
returning line (see points A, B, C and D in Fig. 51, for example). A mean
temperature difference of 20 °C between the inlet and outlet manifolds
throughout the time interval indicates that heat is properly removed at
the Fus-condenser even during geyser boiling occurrence.

Similarly, corresponding temperatures for the pipelines of the AC-
condenser are presented in Fig. 52. The inlet manifold temperatures at Fus-
and AC-condensers, TC3 and TC7, in that order, present similar behaviors.
Peaks in G(t) are also coincident with the increase in temperature TCT.
In interval 12, the liquid returning line temperature (TC9) is abruptly
increased in approximately 4.4 °C (see points E and F in Fig. 52), while the
outlet manifold temperature (TC8) remains roughly constant. A different
thermal behavior occurs in interval 13: the outlet manifold temperature
TC8 raises and oscillates as the temperature at TC9 (see points G and
H). With increasing heat flux at the evaporator and limited heat removal
capacity at the AC-condenser, the temperature difference between TC7
and TC8 becomes minor for ¢ > 87.5 min. The strong correlation in time
presented by temperatures TC7, TC8 and TC9 (see the inset-graph in
Fig. 52) suggests that the vapor flows along the AC-condenser without



110

complete phase-change.

The geysering effect on loop-thermosyphons transient operation
can be analyzed with the aid of Fig. 45 for case C14. Experiment C15
is similar. Heat is removed by forced convection from the AC-condenser
and by natural convection from the Fus-condenser. Sharp temperature
oscillations are only meaningful when ¢, = 0.4 kW at ¢ ~ 61 min at the
AC and Fus liquid returning lines, and at the AC outlet manifold (TC8).
When the loop-thermosyphons work in transient state, the temperature
difference between the inlet manifolds (which scale with Tevap) and TC6
and TC9 is roughly 10 °C with input power of 0.7 kW at time =~ 130 min.
Vapor pressure increases with increasing system temperature. No sharp
temperature raise in the liquid return lines occurs with pressure rates
less than 0.25 kPa/s for time > 65 min; see Fig. 46.

4.6 SUMMARY AND CONCLUDING REMARKS

Geyser boiling phenomenon was experimentally investigated in
loop-thermosyphons for variable thermal conditions. The setup consists of
two parallel condensers and a shared cylindrical evaporator in horizontal.
The heat exchanger was tested in steady-state and transient regimes. Heat
was removed from each condenser by several combinations of natural and
forced convection. Filling ratios of 0.5 and 0.9 were used. Input power of
up to 0.85 kW was provided to the evaporator. Axial accelerations of the
evaporator and temperature histories in several prototype locations have
been measured. The effects of vapor pressure and heat flux on geyser
boiling occurrence were analyzed. Explanations of how this phenomenon
affects condenser temperatures were also provided.

The main remarks of this study are:

o For the prototype studied, when loop-thermosyphons work in steady-
state regime, geyser boiling occurs if the heat flux is higher than
12.5 kW /m?. Typical pressure rates in the adiabatic lines are approx-
imately 1 kPa/s. This occurred for vapor pressures below 25 kPa,;

e When loop-thermosyphons work in transient regime the vapor
pressure is increased with increasing heat flux, suppressing geyser
boiling intensity. Pressure rate is only significant, i.e. 1 kPa/s,
for heat fluxes less than 20 kW/m? and vapor pressures less than
25 kPa;

o Geyser boiling can eventually yield intense evaporator accelerations.
Maximum accelerations were affected by the ratio of thermal re-
sistances acting at each condenser. For ratio of condenser thermal
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resistances over 150, evaporator accelerations up to 110 m/s? hap-
pened with filling ratio of 0.5, and up to 1100 m/s? with filling ratio
of 0.9.
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5 THERMAL PERFORMANCE OF THER-
MOSYPHONS IN SERIES CONNECTED BY
THERMAL PLUGS

The content of this chapter is based on the following manuscript:

« TECCHIO, C.; OLIVEIRA, J. L. G.; PAIVA, K. V.; MANTELLI, M.
B. H.; GANDOLFI, R.; RIBEIRO, L. G. S. Thermal Performance of
Thermosyphons in Series Connected by Thermal Plugs. Submitted
to: Experimental Thermal and Fluid Science in, December, 20, 2016.

5.1 INTRODUCTION

In the previous chapters the thermal performance of a heat
exchanger system (HES) consisting of two loop-thermosyphons was exper-
imentally evaluated. In these tests heat sources were simulated by means
of cartridge resistances inserted in the evaporator casing. In fact, these
fictitious heat sources represent several independent electronic devices,
which, in practical situations, are located in different positions inside the
aircraft cabin. In this work, thermosyphons were used as intermediary
heat transfer elements (IHTEs) between independent heat sources and the
evaporator of HES. The IHTEs and HES were coupled in series through
cylindrical or conical shaped plugs. A schematic of this arrangement is
presented in Fig. 53. Tests were performed to evaluate the effects of
filling ratio, inclination angle, input power and condenser geometry on
the ITHEs thermal performance.

The arrangement in Fig. 53 is recommended for applications
where several independent heat sources need refrigeration; e.g avionics
equipment inside an aircraft. The idea is making an analogy with electrical
net, plugs and domestic appliances of a house, that the heat exchanger
evaporator works as a “heat sink net”, that “energizes” the several “heat
sink thermal plugs”. In this case, one common HES can be responsible
for collecting the heat through its evaporator and removing it to a major
heat sink while the IHTEs are responsible for collecting the individual
heat and conducting it to the HES evaporator. Of course one single
thermosyphon could handle this job, but it would be quite complex.
Thermosyphon technologies applied to complex geometries can demand
several weldings in different locations, which can favor air infiltration.
Besides, the vacuum quality which is a necessity for proper thermosyphon
operation is facilitated in simpler geometries. If the contact thermal
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Figure 53 — Intermediary heat transfer elements (IHTEs) connected in series
with a common heat exchanger. Heat is transported from independent heat
sources to the heat sink through conical and cylindrical couplings.

resistance between the IHTE and the HES loop thermosyphons is minor,
the use of two thermosyphons in series can be a feasible solution.

Many parameters affect the thermosyphon thermal performance,
such as: working fluid properties, inclination angle, geometry, inner vac-
uum level and filling ratio (FR), defined as the volume ratio of working
fluid to evaporator, FR = Vi, /Veyap [47], where V,, and V4, stand for
volumes of the working fluid and evaporator casing, respectively. These
parameters must be defined carefully in order to avoid the thermosyphon
to reach typical operating limits such as dryout, flooding and boiling,
which impose restrictions to the maximum heat transfer rate [47,48,66,67].

The objectives of the present chapter are:

e To propose a new heat transfer device configuration, composed by
two thermosyphon connected in series, able to give more layout
flexibility, to be applied in equipments of intricate geometry;

e To propose and study the mechanical and thermal behavior of
two easy to assemble mechanical fitting geometries (conical and
cylindrical couplings);

¢ To investigate the thermal performance of thermosyphons connected
in series; particularly, the design parameters of the intermediary
heat transfer thermosyphons;
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o To evaluate the whole operation range of intermediary thermosyphons
from the start-up to the dryout limit.

One should note that the two-phase flow transport mechanism
within thermosyphons is gravity driven, and so, more efficient if compared
to the flow transport mechanism in capillary driven heat pipes. Ther-
mosyphon assessment is performed in challenging operation conditions
regarding low inclination angles (less than or equal to 5° with respect
to the horizontal axis). Filling ratios higher than or equal to 0.6 were
used. Geyser boiling occurrence was observed and its effect on thermal
performance was analyzed.

5.2 LITERATURE REVIEW

Design features of thermosyphons were extensively investigated
through experiments and numerical simulations in the last decades. The
effects of filling ratio, inclination angle, working fluid properties and device
geometry on thermal performance have been systematically analyzed [65].
In this section, literature results concerning the subject of the present
study are reviewed.

The heat transfer performance of an inclined thermosyphon
was experimentally investigated by Negishi and Sawada [68]. Water and
ethanol were used as working fluids. They observed that, in steady state
regime, the overall heat transfer coefficient increased with increasing
the operating temperature. For water, they suggested for best device
performance, inclination angles and filling ratios between 20-40° and
25-60%, respectively.

Imura et al. [53] investigated the ideal filling ratio for ther-
mosyphons vertically oriented, according to the magnitude of the critical
heat flux and operating conditions. Best results were achieved with FR
in the range 0.18-0.22. Imura [55], Larkin [54] and Harada et al. [56]
suggested similar ranges for ideal filling ratios.

Wang and Ma [69] developed a semi-empirical correlation to
predict the optimum condensation heat transfer coefficient within inclined
thermosyphons. The ideal inclination angle increased from 20 to 50° by
increasing the filling ratio from 0.10 to 0.33.

The ratio of heat transfer rates between inclined and vertical
thermosyphons, ¢/qo0, was investigated by Payakaruk et al. [70], who
observed that the ratio q/qop was hardly affected by filling ratio modifica-
tions. On the other hand, the ratio q/qog increased with decreasing latent
heat of vaporization of the working fluid at inclination angles ranging
from 20 to 70°. By using water as the working fluid, ¢/qgo achieved its
maximum value with an inclination angle of 502. Zuo and Gunnerson [71]
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stated that the optimum inclination angle may vary according to the
operating conditions and device geometry.

The critical heat flux for dryout occurrence in thermosyphons
with small filling ratios was studied by Cohen and Bayley [72], Strel’tsov
[73], Andros and Florschuetz [74]. Results of Cohen and Bayley model
showed good agreement with the experimental results obtained by Shi-
raishi et al. [75] for filling ratios between 0.10 and 0.20. Faghri [47] and
Park et al. [76] suggested that the critical heat flux is associated with the
flooding limit, for filling ratios higher than 0.20.

Noie et al. [77] performed experiments to evaluate the thermal
performance of water-filled thermosyphons, by modifying the inclination
angle (from 5° to 90°) and the filling ratio (from 0.15 to 0.30). The heat
transfer coefficients at the condenser region increased with increasing
filling ratio and reached the highest values with inclination angles in the
range 30 to 45°.

Shabgard et al. [35] proposed a numerical model to predict the
transient operation of a vertical thermosyphons with various filling ratios,
which optimum value was obtained considering that there is liquid film
from the condenser to the evaporator end. They observed that, for this
optimum filling ratio, the transient operation conditions were shortened.
They suggested that a small amount of additional working fluid could
prevent the breakdown of the liquid film.

Agostini et al. [78] evaluated the thermal performance of a pro-
totype based on heat pipe technologies, aiming the thermal control of
electronics. The setup consisted of two-loop thermosyphons connected in
series. A mechanical fitting yielded the heat transfer from the condenser
of the first loop to the evaporator of the second loop. The prototype
dissipated approximately 1 kW with a mean operating temperature of
110 °C.

5.3 EXPERIMENTAL SETUPS AND PROCEDURE

Thermosyphons with cylindrical and conical shaped plug con-
densers were designed and tested as intermediary heat transfer elements
(IHTESs) between a fictitious heat source and the evaporator of the loop
thermosyphons heat exchanger system (HES). To test the IHTEs with
cylindrical evaporator shape, the HES presented in the last chapters was
used. To test the conical shaped condenser a calorimeter was employed.
The use of a calorimeter instead of the HES evaporator is justified as
follows: due to space constraints and several welding points, air infiltra-
tion could occur in the HES evaporator. The vacuum procedure is not
necessary by applying a calorimeter and, therefore, IHTE results are not



117

= H-H’ Cross section view
Hf

(— I 1 I \—) HES condensers HES evaporator wall
i b

—dbp—

1) % IHTE condenser wall
ué HES evaporator wall
Ee ol 4 Vapour core
=
< HES evaporator H

1 o =12
C B <—— Cartridge
3 R e <~ resistances
{+— 150 < 400 3¢ 254 S 200 —
i H’
—
Cylindrical condenser Adiabatic Evaporator

Figure 54 — Thermosyphon with cylindrical shaped condenser (in the illustration
¢ = 0). The main dimensions are shown in millimeters. Red dots denote
temperature recording points. The angle ¢ was varied from 0 to 5°. HES stands
for a heat exchanger (loop thermosyphons) connected to end heat sink.

compromised by HES malfunctioning in a first evaluation. In next chapter,
the calorimeter (Fig. 55) will serve as the HES loop thermosyphons evap-
orator. Schematics of the cylindrical and conical appliances are presented
in Figs. 54 and 55, where main dimensions are presented in millimeters.
Red dots indicate thermocouple positions.

The working principles of the tested devices are briefly described
as follows. The input power to be removed from the heat source heats
up the working fluid within the evaporator of the IHTESs, causing liquid
to vapor phase change. The vapor flows from the IHTEs evaporator to
the condenser, where condensation takes place, releasing latent heat of
vaporization. The formed liquid returns to the evaporator by means of
gravity. The same phase change phenomena drive the HES used to remove
heat from the cylindrical shaped thermosyphon evaporator. As a result,
the input power is transferred from a fictitious equipment to the heat
sink through two thermasyphons in series.

The HES depicted in Fig. 54 and used for testing ITHE with
cylindrical condenser consists of a closed loop-thermosyphon composed
by two condensers in parallel and one common evaporator, as already
described in Section 2.3. The HES condensers are not shown here to
simplify the illustration. One should note that the objective of this
chapter is to analyze the IHTE and so, only the HES evaporator (in
thermal connection with the condenser of the IHTE) schematic suffices
to analyze the present results. The IHTE shown in Fig. 54 consists of a
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Adiabatic

cylindrical thermosyphon with an outer diameter of 12 mm and a length
of 854 mm. The condenser section has a length of 400 mm and is in direct
contact with the HES evaporator wall (details of the mechanical fitting
can be observed in the cross section view H-H’ in Fig. 54). The inner area
of the cylindrical shaped condenser is 0.0126 m?. The mechanical coupling
between the HES evaporator and the IHTE condenser was designed to
assure practical fitting and low thermal contact resistance.

The thermal contact resistance observed in cylindrical contacts,
such as the one shown in Fig. 54 can be quite high due to the low contact
pressure. Therefore, other contact geometries should be considered; see
Alvarenga [79]. The conical contacts are evaluated in this work since they
can provide higher contact pressure than cylindrical plugs and, therefore,
the thermal contact resistance can be reduced. The ITHTE depicted in
Fig. 55 comprises a thermosyphon with a conical shaped condenser. The
evaporator and adiabatic sections are made of the same tube and so they
have constant cross sections, with outer diameter of 21 mm. Four conical
plugs, designed to match the IHTE conical shaped condenser, were welded
in the calorimeter wall. The heat transfer area of the calorimeter conical
wall within the calorimeter was increased by means of fins. The inner area
of the conical shaped condenser is 0.0037 m?. Cone and fin dimensions
are presented in the expanded illustration in Fig. 55. A thermal bath
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provides coolant mass flow rate to the calorimeter of up to rin = 25 L/min.
Water was used as the coolant fluid at the calorimeter.

The heat sources were simulated by cartridge resistances inserted
within aluminum blocks, which are in close contact with the evaporator
of the IHTEs. Thermal grease reduced the thermal contact resistance
between these elements. To avoid heat losses to the environment, ceramic
fiber blankets covered the external area of the prototypes.

Distilled water was employed as the working fluid for the HES
and for the IHTEs. Copper was chosen as the container material due to
its compatibility with the working fluid (water), avoiding the formation
of non-condensable gases. Before inserting the working fluid, the contami-
nants of the copper surfaces where removed and high vacuum procedures
were performed to the containers.

The experimental setups were instrumented as follows. Temper-
atures were recorded by means of K-type thermocouples, disposed as
presented in Figs. 54 and 55. A National Instrument NI ¢cDAQ-9178 was
used as the data acquisition system. The input power, g;,, was controlled
via software Labview 2013 and adjusted by voltage control through a
TDK Lambda power supply (GEN 300-5). A personal computer was
employed for data storage and to control the experimental variables. The
heat transfer conditions at the calorimeter were controlled by a Lauda
Proline thermal bath. This equipment allows volumetric flow rates and
temperatures ranging from 0 to 25 L/min and from -20 to 50 °C. Uncer-
tainties for temperature measurements and input power were +1.1 °C
and 3%, respectively.

A summary of the parameter combination for the experiments
performed in this work is presented in Table 8. One can see that the ther-
mosyphon with cylindrical shaped condenser (see Fig. 54) was evaluated
under 5 different conditions (D1 to D5) with the input power ranging
from 100 to 700 W in 150 W increments. Inclination angles, ¢, of 02, 2°
and 5° with respect to the horizontal axis and filling ratios of 0.8, 1 and
1.2 were employed in these cases. The aspect ratio (AR), defined here as

AR= ot (5.1)
dad—in

was set to 25 for tests D1 to D5. In Eq. (5.1) laq and dgq—;n stand for
adiabatic section length and inner diameter, in that order. The thermal
performance of the thermosyphon with conical condenser plug (see Fig.
55) was evaluated in cases E1 to E6 with the input power ranging from 20
to 200 W in 20 W increments. The inclination angle was kept constant at
52 and two different aspect ratios were employed: 49 and 29. Three filling
ratios (0.6, 0.8 and 1) were employed for each value of aspect ratio. In cases
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E1 to E6, the mean coolant mass flow rate and the inlet temperature
at the calorimeter were adjusted to 0.3 kg/s and 15 °C, respectively.
Each input power level for every experimental case was kept constant
during 20 min and then increased. Due to safety requirements, tests
were interrupted when the evaporator temperature of the intermediary
thermosyphons reached 100 °C.

Table 8 — Summary of experiments.

Setup Case Input power, Increment [W] ¢ [¢] FR AR
D1 100-700, 150 0 08 25
D2 100-700, 150 2 08 25
Cylindrical Plug D3 100-700, 150 5 08 25
(Fig. 54) D4 100-700, 150 5 1 25
D5 100-700, 150 5 1.2 25
El 20-200, 20 5 0.6 49
E2 20-200, 20 5 0.8 49
Conical Plug E3 20-200, 20 5 1 49
(Fig. 55) E4 20-200, 20 5 06 29
E5 20-200, 20 5 08 29
E6 20-200, 20 5 1 29
54 RESULTS

5.4.1 Thermosyphon with cylindrical condensers: effect of inclination
angle on the thermal behavior

Temperatures of the IHTE and of the HES are shown for case D1
in the left hand side (LHS) axis of Fig. 56. The input power is presented
in the right hand side (RHS) axis. Temperature recording locations are
disposed as depicted in Fig. 54. In case D1, the inclination angle and the
filling ratio were set to 02 and 0.8, respectively.

One can see in Fig. 56 a) that the evaporator temperature (A)
of the IHTE increases linearly with the input power. The IHTE works in
transient regime. The regime operating condition is defined in this work
in accordance with the change rate of the IHTE evaporator temperature
(represented here as point A in Figures 54 and 55): transient regime for
values higher than 0.2 °C/min and quasi-steady state regime otherwise.
The test was interrupted when the operation limiting temperature (100 °C)
was achieved at time ~ 26.5 min and with the input power set to 250 W.
The temperature at the adiabatic section (point C) remained roughly
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Figure 56 — Effect of input power on the thermal behavior of the a) intermediary
thermosyphon with cylindrical condenser and b) heat exchanger system for
case D1 (¢ = 0° and FR = 0.8). Symbols represent temperature recordings and
the solid line, the input power.

constant at 31 °C for time > 2.5 min. The large temperature difference
between the thermosyphon locations A and C, over 60 °C for time >
22 min, reveals that heat is not properly transferred from the evaporator
to the IHTE condenser. As expected the thermosyphon performance is
reduced when the inclination angle with the horizontal position is null
(¢ = 0°). Only a minor heat amount is transferred to the HES evaporator
by heat conduction through the walls of the intermediary thermosyphon,
while most of the input power is used to increase the internal energy of
the IHTE casing.

Temperature histories of HES are shown in Fig. 56 b) for case
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D1. The temperature in the right side of the HES evaporator (point 1,
see Fig. 54) increases almost linearly for time > 2.5 min. Similar behavior
is observed for HES evaporator temperatures at locations 2 and 3 for
time > 12.5 min. The large temperature difference between the vapor
line (point 4) and the HES evaporator (points 1, 2 or 3) exposes that
vapor is hardly produced within the HES evaporator. Most of the energy
released by the resistances heats up the IHTE element and only a fraction
achieves the HES evaporator. This fraction is not sufficient to lead the
HES to start-up.

The ITHE thermal performance was modified by increasing ¢
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Figure 57 — Effect of input power on the thermal behavior of the a) intermediary
thermosyphon with cylindrical condenser and b) heat exchanger system for
case D3 (¢ = 5° and FR = 0.8). Symbols represent temperature recordings and
the solid line, the input power.
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from 0° to 22 or 52 and keeping the filling ratio as 0.8. Start-up already
occurs with ¢ = 2°. For the sake of brevity, only the results for case D3
are presented (see Fig. 57), where the temperature histories are shown
on the LHS, and the input power, on the RHS. Results for the IHTE are
shown in Fig. 57 a) and for the HES in Fig. 57 b). Four distinct patterns
can be perceived in the IHTE thermal analysis of case D3: a transient
regime, a transitional and unstable regime, a steady-state regime and a
regime affected by dryout.

The THTE thermosyphon works in transient regime for time <
12.5 min; note the closely linear increase in evaporator temperature in
Fig. 57 a) (point A). The abrupt increase in temperature at the adiabatic
section (point C) at time ~ 12.5 min indicates the thermosyphon start-
up. The HES start-up only occurs at time ~ 17.5 min; see the sudden
temperature increase in the vapor line (point 4) in Fig. 57 b). This reduced
interval of 5 minutes is an indication of low thermal contact resistance
between the ITHE cylindrical condenser and the HES evaporator.

In the interval 12.5 < time [min] < 40 and with 100 < g;,, [W]
< 250, a transitional and unstable regime occurs. Although start-up
already happened, the change rate in IHTE temperatures in points A,
B and C is significant but less pronounced than in the transient regime.
The IHTE evaporator and adiabatic temperatures decrease unexpectedly
at time ~ 36.5 min; see temperature profiles of points A, B and C in
Fig. 57 a). This event coincides with a decrease in the HES temperatures;
see Fig. 57 b). The temperature decrease is followed by an oscillatory
behavior, which is also noted for higher input powers; see the inset graph
in the same figure. This sort of fluctuation is characteristic of geyser
boiling occurrence; see Casarosa et al. [52], Khazaee et al. [61] and Lin
et al. [58], and apparently occurs more intensely in the HES device.
The reduction in temperature at time ~ 36.5 min is possibly associated
to thermal resistance reduction at the HES evaporator induced by the
geysering action.

For 400 < ¢;,[W]< 550 corresponding to the interval 40 <
time [min] < 80 the IHTE works in quasi-steady regime. The IHTE
thermosyphon works with a mean operation temperature, 7T,, below
60 °C. T, is defined as the mean temperature value at the adiabatic
section (mean of measurements at locations B and C; Fig. 54).

For input power equal to 700 W, the IHTE evaporator tempera-
ture (point A) increases almost linearly in a rate of 7.6 °C/min. At the
same time temperatures in the adiabatic section (points B and C) slightly
decrease. Actually, this effect shows that the IHTE thermal behavior is
affected by dryout occurrence. The liquid film thickness reduces at the
evaporator end cap. As a result, a dry region is created; see Faghri [47].
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Since evaporation hardly occurs in this regime, the input power is mainly
converted in sensible heat and the IHTE evaporator temperature increases
sharply.

The thermosyphon thermal performance can be assessed with
the aid of the overall thermal resistance concept, where R is defined as:

R= Tevap - Tcond : (52)
Qin

where Temp, T cona stand for mean evaporator and condenser temper-
atures, in that order. Tevap is defined as the mean temperatures, red
points A and B, and T.,,q, with the mean of points 1 and 2; see Fig. 54.
Since Eq. (5.2) is only valid for quasi-steady regime, the apparent overall
thermal resistance R, is shown in Fig. 58 along the whole IHTE opera-
tion for cases D1 to D3. Error bars for R are estimated with the aid of
the standard error analysis within 95% confidence interval, following the
procedure described by Holman [21] and Coleman and Steele [22].

0,351 —O— Case D1, ¢=0° FR=0.8
030 —A— Case D2, ¢=2°, FR=0.8
T —0— Case D3, 4= 5°, FR=0.8
0,25
g 0,20
of  010- /
0,05 -
] [’}D—D-D-D-D-E:(D/
0,00 -
+ G,=100W: G;= 250W ! q,,=400 W 0, =950 W G;= 700W
-0,05 . . : : :
0 20 40 60 80 100

Time, [min]
Figure 58 — Effect of inclination angle on the apparent overall thermal resistance,
Rap, of the intermediary thermosyphon with cylindrical condenser for cases D1,
D2 and D3.

In Fig. 58 one can see that, when the IHTE start-up does not
occur or the thermosyphon works in unsteady regime, the apparent overall
thermal resistance increases almost linearly with the input power. That
happened in case D1 for the whole operation range and in cases D2
and D3 before the start-up. Of course, the thermal resistance increases



125

with increasing operation temperature since the thermosyphon does not
transfer heat properly in this condition.

Once the IHTE start-up occurs and in quasi-steady regime, the
apparent resistance R, tends to reach a constant plateau, indicating
that in these circumstances Ry, = R. However, a sudden increase in R,
happens if the input power is sufficiently high: this shows the onset of
dryout. This is observed at time ~ 48 min for case D2 and at time =
80 min for case D3 with input powers of 400 W and 700 W, in that order.
The critical input heat flux (¢” = gin/Aevap) for dryout occurrence is
estimated as 53 kW/m? (¢ = 2°) and as 92.8 kW/m? (¢ = 5°). Here,
Acvap = Tdevap—outlevap, Where deyap—out and leypqp stand for evaporator
outer diameter and length, respectively. Therefore, the critical heat flux
of the intermediary thermosyphon increases with increasing inclination
angle. Values of R below 0.05 °C/W occur with ¢;, = 400 or 550 W for
inclination angles of 5°. However, these data shows that thermosyphons
with cylindrical shaped condensers can work properly as intermediary
heat transfer elements (IHTE) even at low inclination angles (e.g. ¢ from
2° to 59).

5.4.2 Thermosyphon with cylindrical condenser: effect of filling ratio
on the thermal behavior

The filling ratio (FR) influence on the thermal behavior of the
ITHE with cylindrical plug is shown in Fig. 59 by plotting the IHTE
operation temperatures in quasi-steady regime, as a function of the input
power, for cases D3, D4 and D5. FR varied from 0.8 in case D3 to 1 and
1.2 in cases D4 and D5, respectively, whereas the inclination angle was
kept equal to 5° (see Table 8).

In Fig. 59, one can see that T, increases almost linearly with the
input power, in a rate of 0.025 °C/W, for the three FR cases studied.
For a same input power, T, increased of 20 and 40 °C by increasing the
FR from 0.8 to 1.0 and 1.2, respectively. The filling ratio change also
affects dryout occurrence. Note in Fig. 59 that the operation temperature
for ¢;, = 700 W is not plotted for case D3 (FR=0.8), because dryout
was reached. Therefore, while increasing filling ratios promote increasing
operation temperatures, decreasing filling ratios facilitate dryout. The
operating temperature uncertainty is estimated in £1.6 ©C for a confidence
interval of 95%.

5.4.3 Thermosyphon with conical condenser

Thermosyphons with conical shaped condensers were also tested
as intermediary heat transfer devices, but as already justified, in this case
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Figure 59 — Effect of filling ratio on the thermosyphon operation temperature
as a function of the input power for cases D3, D4 and D5.

a calorimeter replaced the HES evaporator. The effects of filling ratio,
input power and aspect ratio on the thermosyphon thermal performance
are evaluated in cases E1 to E6; see Table 8. The inclination angle was
set to 52 in these cases.

Temperature histories for case E1 are presented in the LHS of
Fig. 60. Measurements were performed at positions A, B, C and D as
illustrated in Fig. 55. The input power provided to the IHTE evaporator
is presented in the RHS.

In Fig. 60, two distinct patterns can be observed in the thermal
analysis of case El: a transient regime and a quasi-steady regime. The
interval of transient operation, At,, of approximately 63 min is indicated
and represents the range where the change rate of the evaporator temper-
ature (point A in Fig. 55) is higher than 0.2 °C/min. Note that the system
start-up occurs at time ~ 12.5 min with input power of 20 W, observed
by the sudden raise in the adiabatic section temperature (point C). The
evaporator temperature increases in a rate of 0.65 °C/min during this
interval. For time < 63 min condensation takes place along the adiabatic
section owing to low input power levels (¢;, < 60 W) and to the reduced
vapor flux towards the condenser; note that the temperature difference
between points C and D in Fig. 60 becomes minor only for ¢;, > 80 W.

The vapor produced in the evaporator hardly achieves the con-
denser. As a consequence, the operation temperature of the IHTE rises
sharply. Only for time > 63 min and ¢;,, > 80 W the vapor transport to the
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Figure 60 — Effect of input power on the thermal behavior of the intermediary
thermosyphon with conical condenser plug for case E1 (FR=0.6; AR=49).
Symbols represent temperature recordings and the solid line, the input power.

condenser is effective and the thermosyphon works in quasi-steady regime.
The temperature difference along the thermosyphon (between points A
and D) becomes minor. An operation temperature of approximately 80 °C
is achieved with an input power of 200 W.

The main thermal characteristics of thermosyphons with conical
condenser (cases E1 to E6) are summarized in Table 9. The interval of
transient operation, At,, is presented together with the input power
and the operation temperature in the transition from transient to quasi-
steady operation regime, ¢!, and T, respectively, besides the operation
temperature when the input power is modified to 200 W, T. T, is defined
for these cases as the average temperature value at the adiabatic section
(average of measurements at locations B, C and D; see Fig. 55).

Inspection of results in Table 9 reveals that T(f and At,, increase
with increasing filling ratio for both aspect ratios. Decreasing filling
ratios promote decreasing operation temperatures as expected: less heat
is necessary to promote effective vapor transport towards the condenser.
Of course, T¢ and At,, increase with increasing aspect ratio: more energy
at the evaporator is necessary to the vapor to surpass the additional
pressure drop owing to a higher adiabatic section length. For cases with
AR = 29 and FR = 0.6 or 0.8 (cases E4 and E5), the input power to
promote the transition from transient to quasi-steady operation regime
was 60 W, while ¢!, was 80 W for the remaining cases. Flor cases with
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Table 9 — Main thermal features of thermosyphons with conical condensers
(cases E1-EG6).

Case (FR;AR)  Atyo[min] ¢f, [W] T¢[°C] T# [°C]

E1 (0.6;49) 63.0 80 64.4 80.1
E2 (0.8;49) 77.5 80 80.8 97.0
E3 (1.0;49) 77.6 80 82.8 98.7
E4 (0.6;29) 52.7 60 54.9 70.2
E5 (0.8;29) 53.8 60 56.3 70.6
E6 (1.0;29) 62.1 80 66.0 75.9

¢ Values in the transition from transient to quasi-steady operation
regime.
* Values when g;,, reaches 200 W.

FR=0.6, when AR is reduced from 49 (case E1) to 29 (case E4) T is
decreased in approximately 10 °C, whereas for FR of 0.8 and 1.0 T is
decreased in approximately 24.5 °C.

The IHTE with conical condenser shows a higher operating
temperature than the cylindrical one. Cases D3 and E5 assist this remark.
These cases present the same FR and inclination angles and similar AR
values; see Table 8. In case D3, the IHTE with cylindrical shaped plug
was able to transfer 250 W with T, of approximately 50 °C (see Fig. 59)
whereas the IHTE with conical condenser transferred 200 W with T, of
approximately 71 °C in case E5 (see Table 9). This is expected owing to
the small condenser area provided by the conical contact surface (3.4 times
smaller than the cylindrical condenser). As a result, the heat transfer
is not effective unless the temperature difference (AT = T, — Tconq) is
high enough. The IHTE operating temperature decreases with increasing
condenser area in a rate of -0.24 °C/cm?.

5.5 SUMMARY AND CONCLUDING REMARKS

Fictitious heat sources, mimicking electrical devices, were cooled
by a heat sink via two thermosyphons associated in series. Thermosyphons
with cylindrical and conical shaped condensers were experimentally eval-
uated as intermediary heat transfer elements. These arrangement assures
practical mechanical assembly and a modularity concept for cooling of
several independent heat sources. The effects of input power, filling ratio,
inclination angle and aspect ratio of adiabatic section length to pipe
diameter on the thermal performance of the intermediary thermosyphons
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were investigated. The thermosyphon with cylindrical condenser was
evaluated with inclination angles in the range 0 to 52, filling ratios in the
range 0.8 to 1.2, input power up to 700 W and constant aspect ratio of
25. The thermosyphon with conical plug was tested with filling ratios
ranging from 0.6 to 1.0, input power up to 200 W and aspect ratios of
49 and 29, with a constant inclination angle of 5°. Critical heat fluxes
for dryout and the input power for thermosyphon start-up have been
determined.
The main concluding remarks of this study are:

e Thermosyphons with cylindrical shaped condensers can work prop-
erly as intermediary heat transfer elements even at low inclination
angles (¢); e.g. 2° to 5°. In these conditions the critical input heat
flux for dryout occurrence increased with increasing inclination
angle, whereas the operation temperature increased with increasing
filling ratio. The critical heat flux for dryout occurrence is estimated
as 53 kW/m? for ¢ = 2° and as 92.8 kW/m? for ¢ = 5° with a
filling ratio of 0.8. Decreasing filling ratios facilitate dryout.

e By increasing the aspect ratios from 25 to 29 or 49 and by reducing
the condenser area from 0.0126 to 0.0037 m?, the interval of transient
operation and the working temperature in quasi-steady operation
are increased for intermediary thermosyphons with conical shaped
condenser. By decreasing the filling ratio, the intervals of transient
operation and the working temperatures are decreased.
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6 PASSIVE COOLING CONCEPT FOR ONBOARD
HEAT SOURCES IN AIRCRAFTS

The content of this chapter is based on the following article:

o« TECCHIO, C.; PAIVA, K. V.; OLIVEIRA, J. L. G.;; MANTELLI, M.
B. H.; GANDOLFI, R.; RIBEIRO, L. G. S. Passive cooling concept
for onboard heat sources in aircrafts. Experimental Thermal and
Fluid Science, v. 82, p. 402-413, 2017.
DOI:10.1016/j.expthermflusci.2016.11.038

6.1 INTRODUCTION

In the last chapter, thermosyphons with cylindrical and conical
shaped condensers were tested as intermediary heat transfer elements
between independent heat sources and a common heat exchanger. The
effects of filling ratio, inclination angle, input power, aspect ratio and
condenser geometry on the operating characteristics of the intermediary
thermosyphons allowed to assess the optimum design parameters for a
given input heat load.

Based on the results reported in the last chapter four ther-
mosyphons and a heat pipe were designed as intermediary heat transfer
elements (IHTEs) between individual heat sources and the HES evapora-
tor. In-flight experiments in an Embraer test aircraft were performed to
certify the cooling concept (HES and THTEs) during cruise conditions
and conventional aircraft maneuvers such as roller coaster and G-load
turn, which could not be achieved in laboratory conditions.

Avionics thermal behavior was simulated by employing electrical
resistances with input power ranging from 40 to 850 W. Experiments
were conducted with Mach numbers from 0.55 to 0.78 at altitudes of 4.5,
9.1 and 10.6 km, corresponding to air static temperatures of 0, -30 and
-43 °C, respectively.

This chapter aims at:

e Verifying the thermal performance of the present passive cooling
concept (HES and IHTEs) during a flight test in cruise conditions.
Heat transfer from the heat sources to the evaporator of the IHTEs
is tested by heat conduction and by forced convection. Although
heat transfer by conduction is preferred because heat leakage is
easily avoided and contact thermal resistance can be lowered, heat
transfer via forced convection is also tested;
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¢ Evaluating the positioning of heat source elements relative to the
HES evaporator. A heat pipe and four thermosyphons are both
tested as IHTEs. Although two-phase flow motion induced by gravity
in thermosyphons improves the IHTE performance, the actual
positioning of heat sources may not allow gravity induced flow
motion. Therefore, a heat pipe in horizontal position relative to the
HES evaporator is tested to evaluate the IHTE efficiency promoted
by capillary induced flow motion;

o Assessing the HES evaporator design in order to allow practical
mechanical fitting, namely here as “thermal bus”. The efficacy of
common basic fittings (cylindrical and conical shape plugs) is tested
to evaluate contact thermal resistance between the HES evaporator
and the IHTEs condensers;

o Assessing the IHTEs and HES performance in different heat sink
conditions imposed by three different aircraft altitudes (4.5, 9.1 and
10.6 km), while input power from resistances are systematically
varied from 40 to 850 W;

o Investigating the possibility of system malfunctioning under maneu-
vers such as roller coaster and G-load turn. Vertical load factors up
to 2.0 were applied.

6.2 EXPERIMENTAL APPARATUS DESCRIPTION

In order to evaluate the thermal performance of the cooling
system concept, all the IHTEs were developed and constructed at the
Heat Pipe Laboratory facility, Labtucal /Lepten (Brazil), as well as the
HES prototype. The complete passive cooling setup is described as follows.

6.2.1 Heat Exchanger System - HES

A HES schematic is shown in Fig. 61. The heat exchanger system
has been extensively described in the previous chapters; see Chapter 2,
Fig. 5. It is only reproduced here to show the temperature recording
points, indicated by red dots numbered from 00 to 19. The evaporator
outer diameter was increased from 68 to 102 mm to allow the mechanical
assembly of the intermediary elements within the evaporator casing.

The HES external area was thermally isolated from the envi-
ronment using a ceramic fiber for heat loss minimization. Temperatures
along the HES are monitored by means of K-type thermocouples with
uncertainty of +1.1 °C, distributed according to Fig. 61. Velocity and
temperature transmitters (two CTV 110 from KIMO Instruments) with
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Figure 61 — Schematics of the heat exchanger system (HES). Red dots indicate
thermocouple recording points.

hot-wire anemometry are used in the AC duct entrance (AC1) and exit
(AC2) for velocity (v) and temperature (T') measurements. Uncertainties
for v and T transmitter measurements were roughly +3% and +0.3 °C,
respectively, of the actual measurements.

6.2.2 Intermediary Heat Transfer Elements - IHTEs

Heat pipe technologies (in this work one heat pipe and four
thermosyphons) serve as intermediary heat transfer elements (IHTEs)
between equipment inside the airplane and the HES evaporator. This
arrangement is recommended for aerospace applications since several
independent heat sources can be cooled down via IHTEs by a common
heat exchanger connected to a heat sink. Note that the heat removal
capacity of the fuselage HES condenser is of order 10 kW /m?; see Oliveira
et al. [13]. In addition, the layout strictness imposed by the limited
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space for electronic equipment within aircrafts might not allow the use
of thermosyphons (liquid return to the evaporator by gravity), so that
the capillary pumping mechanism of heat pipes can be an alternative.
For cases where the evaporator can be positioned below the condenser,
the use of thermosyphons is preferable since the introduction of a wick
structure represents an additional resistance to the liquid flow.

In this work, two types of shaped plugs (conical with fins and
cylindrical) allow easy assembly between the IHTE condensers and the
HES evaporator. These plugs were designed to reduce the contact thermal
resistance between these elements and the evaporator wall. Schematics of
these appliances are shown in Figs. 62 and 63. Thermosyphons (2, 3, 6-1
and 6-II) and a heat pipe (4) transport heat to the HES evaporator (1).
In order to simulate an electronic device operation, a heat conduction
mechanism employing cartridge resistances is used to provide input power
for thermosyphons (2 and 3) and heat pipe (4). A closed-loop system
based on a forced convection mechanism (5) is used to provide input
power to the finned thermosyphons (6-I and 6-1I), as shown in Figs. 62
and 63. Heat is then transferred from these intermediate elements to the
HES evaporator (1).

In Figs. 62 and 63, external and internal views of the convective
system (5) are presented, respectively. The convective system is composed
by a closed-loop box, an upper and a lower fan, aluminum blocks (7) and
an air recirculation duct. Cartridge resistances provide heat power to the

Figure 62 — Schematics of the thermal coupling apparatus. The HES system
is completely independent from each IHTE. Each IHTE condenser is pressed
against a metal coupling within the HES evaporator (1) with the same matching
geometry.
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@ Cartridge Resistances

Figure 63 — Internal view of the convective system and HES evaporator. Ther-
mosyphon evaporators contain fins (6-1 and 6-II). Heat is transported from
heated aluminum blocks (7) to the recirculating air by forced convection.

aluminum blocks (7), as it can be seen in Fig. 63. These blocks heat up
the recirculating air within the convective system (5). To increase the heat
transfer rate between the recirculating heated air and the thermosyphons,
fins are welded to the evaporators of 6-I1 and 6-II.

Heat to the thermosyphon evaporators (6-1 and 6-1II) is delivered
by air forced convection. The idea is to mimic cooling of actual equipment,
when the original design of the heat source equipment cannot be modified
to host the thermosyphon. In this case, the aluminum blocks represent a
sort of avionics equipment. Air flow temperature of the convective system
is monitored by Resistance Temperature Detectors (RTDs): Pt100 class
1/10 DIN sensor. Input power to the cartridge resistances is controlled
virtually via Labview 2013. A TDK-Lambda GEN-300-5 programmable
power supply allows voltage control.

Copper is the material used for construction of HES and THTE
devices. Besides compatible with water, this material presents high ther-
mal conductivity. In order to ensure that condensate liquid within the
thermosyphons returns to the evaporator section with the aid of gravity,
the angle between horizontal and the axial axis of the intermediate ther-
mosyphons is approximately 5°. The heat pipe is positioned horizontally
as it does not depend on gravity to operate. IHTE dimensions and data
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recording points are illustrated in Fig. 64. Thirty-six squared fins of 65.2
mm of length and 1.1 mm of thickness were welded to the thermosyphon
evaporators (6-I and 6-II in Fig. 63) to increase the heat transfer area
(namely, FTS thermosyphons), as shown in Fig. 64d. Similarly, the ther-
mosyphon with a conical shaped condenser (namely, CTS thermosyphon)
matches a conical plug within the HES evaporator with 8 fins. In this
case the fins external radius is roughly 70 mm; see Fig. 63.

Water was applied as working fluid for each IHTE and for the
HES. Filling ratios (FR) of 90% and 80% were used for the HES and
intermediary thermosyphons, respectively. The filling ratio is defined
as [47]:

Vi
V *

evap

FR= 100% (6.1)

where V[, ., and V,, denote the evaporator effective volume and the

working fluid volume, in that order. For thermosyphons V_,,,, is the inner
evaporator volume (Veyqap) given by Veyep = ﬁdﬁvaplemp /4; where deyqp

and leyqp stand for the evaporator inner diameter and evaporator length,
respectively. For heat pipes, Ve’;)ap = Vevap — Vws; where Vs stands for the
wick volume at the evaporator. The choice of the applied filling ratio for
the HES was affected by the presence of each IHTE condenser in the HES
evaporator. A minimum filling ratio of 90% should be used to ensure that
all THTE condensers would be flooded by the working fluid, preventing the
IHTEs malfunctioning. For the intermediary thermosyphons (CTS, TS
and FTS), the filling ratios were selected based on a systematic assessment
of the filling ratio influence on the thermosyphons performance. Filling
ratios of 80% were chosen because critical heat fluxes for dryout were
sufficiently high whereas operation temperatures were below typical failure
values for avionics; e.g. 70 to 100 °C; see Chapter 5, Section 5.4.2.

A copper wire mesh screen was employed as the heat pipe wick
structure. To increase heat transfer capacity, eight layers of a mesh number
sixty-two were used. In order to fulfill with liquid the entire wick void,
water volume corresponding to 110% of the wick structure void volume
was selected. Premature failure by dry-out occurrence was then prevented.
The water volume V,, can be written as:

Vi = 1.1V, ; (6.2)

where ¢ and V; stand for wick porosity and wick structure volume con-
sidered as a continuum medium, in that order. The porosity, ¢, is given
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by:

1
e=1-— ZﬂSNdw ; (6.3)

where S, N, and d,, stand for the crimping factor (in general 1.05; see
Marcus [80]) mesh number and wire diameter, respectively. The filling
ratio for the heat pipe is 105%. The characteristics of the heat pipe wick
structure are summarized in Table 10.

Table 10 — Characteristics of the heat pipe wick structure.

Wick material Copper
Wick type Wire mesh screen
Mesh Number, N, [inch™!] 62
Number of layers 8
Wire diameter, d,,[mm] 0.16
Porosity, € 63%

6.3 EXPERIMENTAL PROCEDURE

The experimental apparatus was installed and tested in an air-
craft in several flight conditions. Since heat sink conditions vary with
altitude, the HES and THTEs thermal performance was evaluated in
several different test settings.

6.3.1 Flight Description

Experiments were executed as follows. For tests in cruise condi-
tions, a constant Mach number, M., of 0.78 was set. The test windows
were executed at altitudes, Hy, of 9.1 and 10.6 km above the sea level,
corresponding to air static external temperatures, T., of approximately
-30 and -43 °C, respectively; see Fig. 65. The thermal behavior of the
THTEs was also evaluated during roller coaster and G-load turn ma-
neuvers with an approximated altitude of 4.5 km and Mach number of
0.55; see the time lag from 144 to 168 minutes in Fig. 66. Vertical load
factors, N, = L/W, of 0.5, 1.5 and 2.0 were experimented during aircraft
maneuvers. Here, L and W are lift and aircraft weight, respectively.
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Figure 65 — Altitude, Hy, and air static external temperature, T, for the
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6.4 RESULTS AND DISCUSSION
6.4.1 Heat pipe (HP)

The effect of the input power on the heat pipe thermal perfor-
mance is presented in Fig. 67. Input power ranges from 40 to 120 W with
an increment of 40 W. A period of 10 minutes in each power level sufficed
to approach steady state operation. Note that the HP temperatures in
the LHS of y-axis are approximately constant after 7-8 min once a test is
initiated. The heat pipe was cooled down between the first and second
test windows, corresponding to a total cooling time of 40 min (note that
the time axis is shortened in Fig. 67 for better visualization).

With a given input power level, the heat pipe shows similar
thermal operational conditions during the first and second test windows
(altitudes of 9.1 and 10.6 km above sea level, in that order). The reduction
of the air static external temperature from -30 to -45 °C with increasing
altitude barely modified the HES evaporator average temperature for a
given level of input power (HES results are further presented in Fig. 72).
Notice that the HES evaporator is the heat sink for every IHTE; see
Figs. 62 and 63. Therefore, changes in the heat sink of the HES fuselage
condenser promoted by modifying the aircraft altitude from 9.1 to 10.6 km
weakly affect the heat pipe thermal performance.
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Figure 67 — Effects of input power and altitude on the heat pipe thermal
response during a flight test in cruise conditions. The thermocouple positioning
(00, 01, 02 and 03) as provided in Fig. 64a.
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The HP evaporator temperature (HP01) in quasi steady-state
regime increases with a ratio of 0.25 °C/W for input power ranging
from 40 to 120 W. The heat pipe start-up already occurs with 40 W in
both altitude conditions. Maximum temperature, approximately 70 °C,
occurs at the heat pipe evaporator with 120 W. With the same power, a
temperature difference of 15 °C is observed between the HP evaporator
(HPOO) and the condenser entrance (HP03). The average temperature
of the HES evaporator strongly affects the HP03 temperature. Dry-
out occurrence is not evident during tests for the given experimental
conditions.

The overall heat pipe thermal resistance, Ry p, including the
thermal contact resistance between HES evaporator and HP condenser,
can be written as:

Te ap— _Teva —
RHP: vap—HP ” p—HES : (64)

where ¢;,, Tewp, gp and Temp, es stand for input power, average
temperature of the heat pipe evaporator and average temperature of the
HES evaporator, respectively. A thermal resistance, Ry p, of 0.33 °C/W
was obtained in quasi-steady regime with ¢, = 120 W. T,yep—HEs is
roughly 30 °C.

6.4.2 Thermosyphons with fins welded to the evaporator (FTS)

Thermosyphons with cylindrical shaped condenser and with fins
welded to the evaporator (two FTS, Fig. 64d) were also tested in cruise
conditions. In Fig. 68, the effect of the input power on the temperature
field of the convective system containing two FTS is presented. Tyhium
stands for the aluminum blocks temperature and T;,, the air flow tem-
perature. The fan outlet mean velocity is approximately 9.0 m/s for a
constant rotation speed of 3600 rpm. Temperature measurements in the
surface of the aluminum blocks (heated by resistances) presented minor
variation and therefore only one result is presented in Fig. 68. This is
expected owing to the negligible conductive resistance, Ry, as compared
to the convective one, Ry. A Biot number, Bi, as defined by Eq. (6.5)
assists this remark:

_ R Uk
R, 1/h’
where [, ks and h stand for a characteristic length, aluminum thermal
conductivity and heat transfer coefficient. Here, R, >> Ry and therefore

Bi

(6.5)
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Bi << 1, implying minor temperature variations in the aluminum block.
A lumped system analysis is possible; see [81-84].

Between the first and second test windows, FTS-I1 and FTS-II
are cooled down for approximately 45 minutes (note that the time axis
is shortened between 55 and 100 min in Fig. 68 for better visualization).
Input power ranges from 300 W to 850 W. Steady state operation is not
evident for the intermediate heat transfer elements, FTS-I1 and FTS-II;
they do not present a constant temperature level after 10 min in a given
input power.

The intense fluctuations in temperature recordings are character-
istic of geyser boiling phenomenon as already discussed in Chapter 4. This
condition is observed by high amplitude and low frequency temperature
oscillations, particularly for FTS04 thermocouples. Temperature oscilla-
tions in the condenser entrance are explained as follows. Bubbles grow
abruptly in a short period, detach and leave the evaporator section. Thus,
the vapor mass flux along the thermosyphon axis is instantly accelerated,
corresponding to sudden overheating of the condenser. The heat flux
to the FTS evaporator is not sufficient to keep the intense evaporation
rate and cooling of the FTS condenser occurs. The description above is
recurrent once a new abrupt evaporation event occurs.

FTS start-up takes place when the input power is set to 600 W
and 300 W for the first and second window test, respectively, in both
FTS elements. Notice the FTS temperature gradients are modified at
time 45 min (first window) and at time 105 min (second window). In fact,
the start-up for elements FTS-I and FTS-II is not simultaneous. The
start-up difference in time is due to the non-symmetrical air flow inside
the closed-loop forced convection system.

The air temperature, T,;., was monitored due to safety require-
ments: fans could not work above 100 °C. Note in Fig. 68 a) that the
input power is decreased when Ty, reaches 90 °C. Maximum temperature
for the aluminum blocks, Tyium, was approximately 137 °C when the
input power was set to 850 W. Clearly, with this setup the convective heat
transfer coefficient acting at the aluminum blocks need to be increased to
keep Topum (representing the avionics temperature) below 100 °C. During
the first test window T,;;- and Ty, continuously increased. In the second
test window, reduction of the input power was necessary after time ~
121 min.

6.4.2.1 Analysis

Energy and fluid flow analyses of the convective system are
provided as follows. For a control volume containing the aluminum blocks,
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Figure 68 — Effects of input power and altitude on the thermal response of the
convective system containing two FT'S; temperature recordings of a) aluminum
blocks, Taium, and air flux, Tysr; b) FTS-I and ¢) FTS-II. The thermocouple
positioning (00, 01, 02 and 03) as provided in Fig. 64b.



144

the lumped system analysis (Bi << 1) assures that the energy released
by the cartridge resistances, @ [J], in a time interval d¢ is equal to the
sum of the energy transferred to the air stream and the change in internal
energy of the aluminum blocks:

Q = /andt = /hAalum (Talu’m - Tau) dt + /malunLCp,alu’dealum 5

(6.6)
where A, T, m and ¢, stand for area, temperature, mass and specific
heat at constant pressure. The fans are kept with the same rotation
speed and assuming that the temperature influence on h is minor, it is
reasonable to assume a constant mean h throughout the FTS experiment.
The aluminum variables (A, m and ¢,) are known a priori. Since input
power and temperature measurements are shown in Fig. 68, estimation
of h is possible. Solving Eq. (6.6) for h yields

_ qinAt - [mcp (Tto-i'At - ,Tto)]alum
B to+At :
Aalum f (Talum - Tair) dt

to

h

(6.7)

Values of h externally to the aluminum block were found to be approxi-
mately 31 W/(m?K). Thus, the power transferred by forced convection
from the aluminum blocks to the air stream is given by:

Qalum—air = hAalum (Talum - Tair) . (68)

Assuming that the heat transfer coefficients on the FTS evapo-
rators, hprg, are of same order of magnitude as the ones externally to
the aluminum block, h, it is possible to compute the power absorbed by
each FTS, quir—r7s, and therefore the heat leakage to the cabin:

Qair— FTS = hAFTS (Tair - TevapfFTS) . (69)

In Fig. 69, the power transferred from the recirculating air stream
to the evaporator of the finned thermosyphons by forced convection,
qFTS = Qair—FTS—1I + Qair— FTS—11, is presented. In 46 < ¢[min]< 55, 600
or 850 W are provided by the cartridge resistances to the aluminum block;
see input power in Fig. 69. In this time lag, the power transferred to the
recirculating air stream, ¢qum—aqir, ranges roughly linearly from 400 to
700 W while the remaining power is used to increase the aluminum blocks
internal energy. With Eq. (6.9), it is estimated that 84% of quium—aqir 1S
transferred to the evaporator of the thermosyphons and, as a consequence,
the remaining power (16%) is leaked to the air cabin. Roughly 586 W
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are transferred to the FTS thermosyphons in time & 55 min. The FTS
start-up was found to occur when each FTS received =~ 150 W. Heat
transfer coefficients were restricted by geometrical constraints in the
aircraft setup. Values of h were found to be 40 W/(m?K) in laboratory
with the same fan outlet mean velocity; ~ 9 m/s. Recirculating air in
laboratory tests was subjected to a minor pressure drop within the air
loop.

1350 - Input Power
4 B Qaumair (Eq. 6.8) T Heet leaked t
—®— Oy e, (E.6.9) the air cabin o
1o O Ogirprsn (EQ.6.9)
E 850 Ors = Yair-rrs1 + Yair-rrsi
5 e

46 48 50 52 54 56

Time, [min]
Figure 69 — Power transferred from the air stream to the thermosyphons with
fins welded to the evaporator, grrs, and the heat leaked to the air cabin.

6.4.3 Thermosyphon with conical plug (CTS)

Thermosyphons with conical (CTS) shaped plugs were also evalu-
ated as intermediary heat transfer elements; see Fig 64c. Values of aircraft
altitude, 9.1 and 10.6 km above sea level, and air static temperatures, -30
and -45 °C, are approximately the same as the ones presented in Fig. 65.
Effects of input power and altitude on the CTS thermal behaviors can
be seen in Fig 70.

The input power was set to 100, 250 and 400 W in Fig. 70.
Between the 1°¢ and 2"? test windows, CTS heat sources are turned off
and the system is cooled down for approximately 45 minutes (note that
the time axis is shortened in Fig. 70).

Inspection of Fig. 70 reveals that the start-up only occurred
when the input power was set to 250 W in both time windows. In time ~
13 and 87 min, the change in temperature gradient of the thermocouple
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Figure 70 — Effects of input power and altitude on the CTS thermal performance.
The thermocouple positioning (00, 01, 02, 03 and 04) as provided in Fig. 64c.

CTS04 supports this remark. Operation of the CTS thermosyphon tends
to a steady state regime when kept longer at this power level. When the
input power is increased to 400 W, transient regime operation is evident.
The heat removal capacity in the CTS condenser is limited due to the
elevated thermal resistance to the HES evaporator. Heat leaves the conical
geometric shape with restricted area (2914 mm?) followed by thermal
contact resistance until reaching the plug with fins at the HES evaporator
(55600 mm?). Note that the heat path is facilitated in the HP, FTS and
TS condensers (79100 mm? of area), followed by contact resistance and
an approximated matching geometry at the HES evaporator.

Note that heat sink changes of the HES fuselage condenser
(changes in the air static temperature and heat transfer coefficients)
promoted by experiments at different altitudes, 9.1 and 10.6 km, hardly
affect the CTS operation. Intermediate devices show similar thermal
behavior during first and second test windows. Of course, the heat sink
capacity of the Fus condenser is big enough to not affect the IHTE thermal
behavior.

6.4.4 Thermosyphon with cylindrical plug (TS)

The thermal behavior of the thermosyphon with cylindrical plug
(Fig. 64b) is shown in Fig. 71. The input power was set to 100, 300
and 500 W in both test windows. In each setting, the power level is
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kept constant for 10 minutes, except for the last level in the second test
window, which takes approximately 15 min. The test windows settings
are in accordance with the flight description shown in Fig. 65.
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Figure 71 — Effects of input power and altitude on the CTS thermal performance.
The thermocouple positioning (00, 01, 02, 03 and 04) as provided in Fig. 64c.

Start-up operation occurs with 100 W in both windows. As
compared to the CTS operation, the lower resistance at the TS condenser
facilitates the start-up. Although geyser boiling instabilities are observed
(see the temperature oscillations in Fig. 71), the TS element is able to
work properly with 500 W of input power. Mean temperature of the TS
element is 75 ¢C for input power of 500 W. Heat sink changes of the HES
fuselage condenser promoted by different altitudes hardly affect the T'S
operation. Although not shown here, further increase in power promotes
TS dry-out.

6.4.5 Thermal response of the heat exchanger system (HES)

The HES thermal behavior while the HP and FTS were active is
presented in Fig. 72. Numbers denote the thermocouple positioning along
the HES in accordance to Fig. 61.

Air flow velocity in the AC duct is approximately 2.5 m/s through-
out the experiment with a mean temperature at the entrance section
of 15 ©C. The HES evaporator receives heat from the HP or FTS inter-
mediate elements. Temperature differences between vapor lines and exit
manifolds in both Fus and AC condensers of the HES, evidenced by ther-
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Figure 72 — Effects of input power and altitude on the HES thermal performance.
Heat Pipe (HP) or two thermosyphons with fins at the evaporator (FTS) were
used as IHTEs. The temperature recording points as given in Fig. 61.

mocouples LP17, LP18, LP06 and LP15 reveal that condensation process
occurs in both condensers during the first test window (Hg = 9.1 km).
Freezing of water refrigerant occurred within the Fus condenser during
the second test window (Hg = 10.6 km) with T, =~ —43 °C.

During the 2" test window (after time ~ 70 min), the HES and
HP collective behaviors are explained as follows. Once heat is transferred
from the HP to the HES evaporator, evaporation occurs and vapor is
transported to both heat sinks. Condensation occurs at the AC condenser
(it can be inferred by thermocouples LP06 and LP17 in Fig. 72). The
energy carried by the vapor flux which achieves the Fus condenser is not
enough to melt the frozen region at the Fus condenser (see the tempera-
ture recordings of LP15 in Fig. 72 and its positioning in Fig. 61). The
heat removal capacity of the Fus condenser is rather dominant in-flight,
10 kW/m? at the fuselage and in the given conditions. Nevertheless, the
experimental findings above only mean that the HES does not work as
two closed loops with input power of order 120 W at the HES evaporator.
From an engineering viewpoint, the heat sink capacity of the HES evapo-
rator relative to the HP performance is sufficient to keep the temperature
of the HP evaporator (which represents a sort of avionics) in tolerable
levels.

After time = 100 min, the HP is disabled and the FTS is ac-
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tivated with 300 W of input power. The HES is still over-dimensioned
for such power load. With the input power over 600 W, the temperature
recording at the Fus exit manifold (thermocouple LP15 in Figs. 61 and
72) raises until becoming above 0 °C. The energy content of the vapor flux
which reaches the Fus condenser is enough to melt the refrigerant in the
condenser lines and liquid returns to the HES evaporator. Temperature
in the Fus liquid returning line (thermocouple LP16 in Figs. 61 and 72)
decreases: cold liquid reaches the Fus return which was occupied with
vapor prior to the melting process. The HES system works then as two
closed loops.

From the description given above, it is demonstrated the HES
heat removal capacity (particularly, the Fus condenser of the HES):
temperatures of the HP and FTS evaporators (Figures 67 and 68) were
kept in acceptable levels. Only a small part of the heat load which
reaches the HES evaporator is dissipated in the AC condenser in-flight.
Temperatures at the AC entrance, T4c1, and at the AC exit, Tyo2, match
within experimental uncertainty. The AC condenser is mainly suitable to
assure cooling of intermediate heat loads (e.g. 350 W) on ground.

The HES thermal response when CTS and TS thermosyphons are
working as IHTEs is shown in Fig. 73. The HES works as two closed loop
thermosyphons for the first flight test window (note that the temperature
in the Fus liquid manifold exit, thermocouple 15, is above 0 °C). When the
aircraft altitude reaches 10.6 Km (7o, ~ —43 °C) and without input power
to any IHTE, freezing of water refrigerant within the HES occurs at the
Fus condenser. The fuselage condenser thermal condition does not allow
liquid returning to the HES evaporator. With the CTS operation, the heat
transfer rate is not sufficient to melt the refrigerant. That only happened
when the input power was set to 500 W during the TS operation. Note
that the temperature of the Fus liquid returning line (LP16) suddenly
decreases from 15 °C to approximately 0 °C in time &~ 130 min. At this
point, cold liquid reached the return line of the evaporator, meaning that
melting occurred.

6.4.6 Thermal response of the intermediary elements in maneuvers

Aircraft maneuvers may affect the IHTEs thermal performance
and therefore were tested. Basic maneuvers as roller coaster and G-Load
turn were performed. A pull-up with vertical load factor, N, = L/W | of
1.5 and a push-over of 0.5 were employed for roller coaster maneuvers.
G-load turns were performed with N, of 2.0. Roller coaster and G-load
turn maneuvers occurred in periods of 2 and 5 seconds, respectively.

IHTEs thermal behaviors are shown in Figs. 74 and 75 with the
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Figure 73 — Effects of input power and altitude on the HES thermal performance.
Thermosyphons with conical (CTS) and cylindrical (TS) shaped plugs were

used as intermediary elements.

vertical load factors during aircraft maneuvers. A constant input power
for each IHTE is set during aircraft maneuver (120 W for HP; 500 W for
TS; 400 W for CTS and 850 W for FTS). As thermosyphons FTS-I and
FTS-II are similar only the results for FTS-I suffice to understand the
main thermal features.

Roller coaster and G-load turn maneuvers can be considered
unimportant for IHTE thermal performance. Note that the temperature
recordings are not affected by the imposed vertical loads in Figs. 74a, 74c,
75a and 75¢c. Although accelerations could theoretically affect the HES and
the IHTEs performance, the timescale in which they occur in aerospace
applications are irrelevant to modify the two-phase flow behavior within
heat pipe technologies and therefore their thermal behavior.

6.5 SUMMARY AND CONCLUDING REMARKS

A cooling system concept to manage heat sources in aircrafts
was experimentally evaluated during conventional cruise conditions and
maneuvers. A heat exchanger system - HES (consisting of two closed-loop
thermosyphons), intermediate heat transfer elements - IHTEs (heat pipe
and thermosyphons) and heat sources (simulating avionics) compose the
setup. Heat conduction and forced convection were applied to transfer
heat from the sources to the evaporators of IHTEs. Two types of shaped
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Figure 74 — Thermal response of the a) heat pipe (HP) and c) thermosyphon
with cylindrical plug (TS) during b) and d) roller coaster and G-load maneuvers.

plugs were employed for thermal coupling between the IHTE condenser
and HES evaporator: conical with fins and cylindrical. Heat is finally
dissipated in the air conditioning system and mainly in the aircraft
fuselage.

The main achievements of this work are:

e Heat sink changes of the HES fuselage condenser promoted by
experiments at different altitudes, 9.1 and 10.6 km, hardly affect the
IHTEs operation. The heat sink capacity of the fuselage condenser is
large enough to not affect the IHTE thermal behavior and therefore
assuring acceptable temperature levels for avionics;

e Thermal control of avionics at mean temperatures of 70 °C can
be achieved with 0.7 meter long heat pipes and thermosyphons
dissipating 120 W and 500 W, respectively. With increasing thermal
resistance in the thermosyphon condenser (thermosyphon with
conical plug), dissipation may be limited to 250 W;

e Convective system is a heat dissipation alternative where heat
conduction between avionics and THTE evaporator is not possible.
Increased evaporator area by fins and large heat transfer coefficients
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Figure 75 — Thermal response of the a) thermosyphon with conical plug (CTS)
and c) thermosyphon with fins welded to the evaporator (FTS-I) during b) and
d) roller coaster and G-load maneuvers.

can assure heat transport to the ITHE. Two thermosyphons with
fins in the evaporator dissipated 586 W with the air temperature
within the convective system of approximately 80 °C. Nevertheless,
power consumption by fans, sound noise, periodic maintenance and

increased IHTE weight are major drawbacks of this solution;

e Timescale in which aircraft maneuvers occur are irrelevant to modify
the thermal behavior of heat pipe technologies.
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7 CONCLUSION

7.1 SUMMARY AND CONCLUDING REMARKS

Passive aircraft cooling systems based on heat pipe technology
were developed and experimentally evaluated under a multitude of ther-
mal conditions observed during aircraft operations. A heat exchanger and
intermediary heat transfer elements comprise the cooling systems. The
heat exchanger prototype consists of loop thermosyphons with two con-
densers and a common evaporator. The aircraft air conditioning system
and the fuselage served as heat sinks for the heat exchanger condensers.
Thermosyphons and a heat pipe served as intermediary heat transfer
elements between a heat source (avionics) and the heat exchanger evapo-
rator. Cylindrical and conical shaped condensers were tested as fitting
geometries. The influence of filling ratio, inclination angle, input power
and aspect ratio on the thermal performance of the intermediary ther-
mosyphons were investigated. Distilled water was used as the working
fluid.

The cooling prototypes were tested in laboratory conditions
and on-board in an aircraft. The thermal performance of the fuselage
condenser was tested with temperatures ranging from -56 to 50 °C in
actual aerospace convective coefficients characteristics of a commercial
aircraft operation. Experiments were performed on-ground and in-flight,
including conventional flight maneuvers such as roller coaster and G-load.
True aircraft air speeds of up to 878 km/h were registered in cruise
conditions, corresponding to a flight Mach number of 0.78. Altitudes
of up to 12 km above sea level were reached. Ordinary aircraft cabin
electronics were simulated by means of cartridge resistances with input
power of up to 900 W.

The effects of geyser boiling phenomenon on the heat exchanger
system (loop-thermosyphons) in quasi steady-state and transient regimes
were investigated. Evaporator structural vibrations induced by geyser
boiling occurrence were measured. The effects of filling ratio, input heat
flux and heat sinks thermal conditions on geyser boiling have been
determined.

The main achievements of this study are:

e The cooling systems proposed in this study provide passive thermal
control of on-board heat sources in the aircraft cabin on the ground
or in-flight. The heat removal capacity of the fuselage heat sink is
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largely dominant in-flight (10 kW /m?), reducing the heat load at
the air conditioning. Under in-flight and on-ground conditions, a
vapor temperature of approximately 45 °C with an input power of
0.85 kW and 60 °C with 0.6 kW, respectively, ensures the avionics
operation within the tolerable levels.

e The heat exchanger system can work properly even when low tem-
peratures of the aircraft cabin-external air can freeze the working
fluid. In these circumstances heat is removed without promoting
any increase in the evaporator temperature or structural failure.

o Effects of the aircraft maneuvers on the thermal behavior of the
prototypes are unimportant, with the exception of the pitch angle
on the loop-thermosyphons.

e Heat pipes and thermosyphons can serve as intermediary heat
transfer elements between on-board avionics and loop-thermosyphon
evaporator dissipating 120 W and 500 W, respectively, within the
tolerable temperature range. Conical and cylindrical shaped plugs
showed to be possible fitting elements as condenser geometries of the
intermediary thermosyphons. Alternatively, a convective system may
be used where heat conduction between avionics and intermediary
thermosyphons is not allowed. However, power consumption by fans
and additional weight are major drawbacks of this solution.

e Geyser boiling phenomenon can eventually yields intense vibration
of the loop-thermosyphons evaporator. In quasi-steady regime, the
ratio of thermal resistances of the HES condensers and the filling
ratio control the acceleration intensity. In transient regime, however,
the geyser intensity is suppressed for vapor pressures higher than
25 kPa.

o With the results reported in this thesis the technology readiness
level (TRL), which measures the maturity level of the product devel-
opment, has been raised from 2 (technology concept) to 7 (system
prototype demonstrated in space environment) in a development
scale ranging from 1 to 9; See Fig. 76.

7.2 SUGGESTIONS FOR FUTURE WORKS
Some suggestions for future works are listed below:

e The condensation process in parallel channels connected by inlet
and outlet manifolds can be analyzed in order to optimize the
geometry of the fuselage and air conditioning condensers.
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Source — Technology readiness assessment guide [85].

Figure 76 — Technology readiness level.

e A mathematical model could be developed to predict the mean
operating temperature of the heat exchanger and intermediary ele-
ments based on boundary conditions and input power. Experimental
results reported in this thesis can be used to validate the model.

e The influence of the contact thermal resistance on the mechanical
coupling between the condensers of the intermediary elements and
loop-thermosyphons evaporator could be better understood.

o The fictitious heat sources (cartridge resistances) could be replaced
by real on-board electronic components.
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Appendix A — EXPERIMENTAL MEASUREMENTS

A1 AIR VELOCITY IN RECTANGULAR DUCTS

Following the recommendation given by ASHRAE [20], the Log-
Tchebycheff rule (equal area method) (ISO Standard 3966) was used to
determine the air mass flow rate at the air-conditioning traverse duct,
mac. The average of individual point velocities can provide satisfactorily
results when these points are determined following this rule. Fig. 77
illustrates the points where the velocity measurements must be taken
in a rectangular duct with side dimensions between 762 and 914.4 mm.
Log-tchebytcheff rule accounts the influence of wall friction and the fall-off
of velocity near wall ducts, minimizing the positive error promoted by
the failure account for losses at the duct wall.

Fo) fe) fo N o fo) fo)
‘ 0 9/2|\6 v
S S S S — :
; T
44 ! o & 072V | Vv
1 L 1 0.500 V
O O o O O o
‘ - ‘ 0.288 V
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Source — ASHRAE [20].

Figure 77 — Location of measuring points for traversing rectangular ducts with
dimensions between 762 and 914.4 mm.

The duct is divided into rectangular areas by using a minimum
of 25 points. The velocity should be measured in each one of these points,
which are adjusted according to the duct dimensions. For duct sides less
than 762 mm 5 traversal points must be taken along that side. For duct
sides between 762 and 914.4 mm, 6 points are recommended; see Fig. 77.
If the duct side is greater than 914.4 mm, 7 point are necessary in that
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side. Table 11 summarizes the location of the measuring points according
to the number of traverse lines required in each side.

Table 11 — Location of measuring points in a traverse rectangular duct.

Number of points per side Positions relative to ineer wall
5 0.074; 0.288; 0.5; 0.712; 0.926
6 0.061; 0.235; 0.437; 0.563; 0.765; 0.939
7 0.053; 0.203; 0.366; 0.5; 0.634; 0.797; 0.947

Source — ASHRAE [20].

The average velocity at the air-conditioning duct is then given
by:

~ 1 &
vac = E ;Uv ) (A~1)

where n is the total number of points surveyed and v; stands for the air
velocity at point . When velocities at individual points, v;, fluctuate the
reading should be averaged on time. The mass flow rate is then computed
by

mac = pvacAt; (A.2)

where A; and p stand for transversal area and air density, respectively.
A.2 VOLUMETRIC MASS FLOW RATE

The mass flow rate of the coolant fluid circulating at the calorime-
ter (fuselage heat sink), 74, was measured by timing the amount of
collected fluid. Although mass flow rate equipment such as rotameters
and turbine flowmeters could be employed, timing given mass is the
simplest and most precise method to measure volumetric or mass flow
rate. The precision of the timing given mass method ranges from 0.1 to
0.5% whereas in rotameters and turbine flowmeters the precision can be
as high as 5% [20]. Moreover, there are no restrictions of the measuring
range. However, mass flow rates of corrosive or toxic fluids by this method
should be avoided for safety reasons.

A3 TEMPERATURE OF SOLID SURFACES

To measure temperature of solid surfaces K-type thermocou-
ples were employed. In order to measure the temperature properly, the
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following procedure suggested by Paiva [86] was adopted to fix the ther-
mocouples.

e 1. The surface in which the thermocouple was installed was previ-
ously cleaned with acetone to ensure good adhesive properties.

e 2. Kapton tape was used the cover the thermocouple surface. This
tape isolates the thermocouple electrically, preventing any electrical
interference from the neighborhood in the temperature measure-
ment; see Fig. 78.

e 3. An aluminum tape is used to promote contact between the
thermocouple and the solid surface; see Fig. 78.

_ Aluminum tape

T
. Thermocouple

- Solid surface

Source — Paiva [86].

Figure 78 — Schematics of the thermocouple fixing at the solid surface.
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Appendix B - EXPERIMENTAL UNCERTAINTIES

The experimental study conducted in this work was subject to
several measurement uncertainties due to systematic and random errors.
Using the procedure proposed by Holman [21] it is possible to account
the error propagation as follows.

B.1 INPUT POWER UNCERTAINTY

The input power, ¢;,, released in the cartridge resistances can
be computed by:

Gin =V1i; (Bl)

where V and 7 stand for voltage and current, respectively. The standard
uncertainty of the input power, u(g;n), is:

) = {[Z‘J;mr + | }/ . ®

1/2

w(gin) = {[iw(V)] + Va@*} (B:3)

where (V') and (i) stand for voltage and current standard uncertainties,
in that oder. The expanded uncertainty, U, for g;, is then given by:

U(gin) =t - u(qin) (B.4)

where ¢ represents the coverage factor. The number of degrees of freedom
for V and 7 is considered as infinity, which implies ¢ & 2.0 for a confidence
interval of 95%. The expanded uncertainty U(g;,) is estimated to be
about 3% of the measured value.

B.2 MASS FLOW RATE UNCERTAINTY

The mass flow rate, 71, circulating at the calorimeter of the
fuselage condenser was measured by timing the amount of collected fluid
as described in section A.2. Since the properties of the coolant fluid and
the pressure drop along the pipe are nearly constant during the measuring
process it is reasonable to assume that the mass rate show minor changes.
Therefore, the mass rate can be treated as an invariable parameter. In
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order to decrease the confidence interval n samples were measured. The
mass flow rate can be expressed by

S
vn'
where 711, t and S;;, stand for the mean value of n samples, coverage factor

and standard deviation, respectively. The standard deviation is expressed
by:

m=m+U(h) =m+t- (B.5)

So = || o S i — ) (B.6)

n—1
i=1

where 177; is the i-th measurement. The number of degrees of freedom is
given by v = n — 1. Table 12 shows the uncertainty analysis for cases C1
presented in Chapter 4. A confidence interval of 95% was used.

Table 12 — Mass rate uncertainty for case C1. Water was used as coolant fluid
with the thermal bath temperature set to 40 °C.

Time [s] Mass [g] 1, [g/s] o [g/s]  Sm [g/s] v t U(mn) [g/s]

5 206 41.20
5 202 40.40
> 205 41.00 40.53 0.68 5 2571 0.71
5 201 40.20
5 205 41.00
5 197 39.40

The uncertainty analysis for others thermal bath temperatures
and coolant fluids followed a similar procedure as depicted in table 12.

B.3 HEAT TRANSFER RATE UNCERTAINTY

The heat transfer rate to the thermal bath and to the air condi-
tioning system were computed by:

q = mcep(Tour — Tin) = i, AT (B.7)

where 1, ¢, and AT represent the mass rate, specific heat at constant
pressure and temperature difference between the outlet and inlet sections
of the calorimeter (Fus condenser) or the air conditioning duct (AC
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condenser). Considering that ¢, is a well known value (u(c,) = 0), the
standard uncertainty for ¢ is given by:

u(q) = [(ggzu(ﬁﬂ)z + (ai"Tu(AT)>2

where u(-) represents the standard uncertainty. The effective number of
degrees of freedom for ¢, v.f 4, is computed by:

o N
ef,q ™

1/2
; (B.8)

where v represents the number of degrees of freedom. Here, va7 can be
considered as infinity. The expanded uncertainty for the heat transfer
rate, U(q), can be written as:

Ulg) =t-u(q) (B.10)

where ¢ is determined by v, for a confidence interval of 95%. The heat
transfer rate measurement is then given by:

q=q+U(q); (B.11)

where g stand for the average heat transfer rate.

The uncertainty analysis for the heat transfer rates given by
q = hAAT, the heat transfer coefficients, h = q/(AAT) and for the
overall thermal resistance, R = (Tevap — Teond)/qin, follow a similar
procedure as described above.
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